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Abstract: Organoids hold great promises for numerous applications in biomedicine and biotech-
nology. Despite its potential in science, organoid technology poses complex ethical challenges that
may hinder any future benefits for patients and society. This study aims to analyze the multifaceted
ethical issues raised by organoids and recommend measures that must be taken at various levels
to ensure the ethical use and application of this technology. Organoid technology raises several
serious ethics issues related to the source of stem cells for organoid creation, informed consent and
privacy of cell donors, the moral and legal status of organoids, the potential acquisition of human
“characteristics or qualities”, use of gene editing, creation of chimeras, organoid transplantation,
commercialization and patentability, issues of equity in the resulting treatments, potential misuse and
dual use issues and long-term storage in biobanks. Existing guidelines and regulatory frameworks
that are applicable to organoids are also discussed. It is concluded that despite the serious ethical
challenges posed by organoid use and biobanking, we have a moral obligation to support organoid
research and ensure that we do not lose any of the potential benefits that organoids offer. In this
direction, a four-step approach is recommended, which includes existing regulations and guidelines,
special regulatory provisions that may be needed, public engagement and continuous monitoring of
the rapid advancements in the field. This approach may help maximize the biomedical and social
benefits of organoid technology and contribute to future governance models in organoid technology.
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1. Introduction

Organoids are mini organs grown as 3D cell structures in the lab that display archi-
tectures and functionalities similar to in vivo organs, derived from Embryonic Stem Cells
(ESCs), induced Pluripotent Stem Cells (iPSCs), adult stem cells and tissue-specific progen-
itors [1]. They have the ability to self-organize, they are multicellular and can be grown
indefinitely. Multiple organoid systems have already been developed from both mouse
and human stem cells, including taste bud organoids, salivary gland, esophagus, stomach,
intestine, colon, liver, pancreatic, prostate, lung, retina, inner ear, kidney, heart, thyroid,
skeletal muscle, bone, skin and brain organoids [2,3]. They can exhibit close resemblance
to real organs, in terms of architecture and function, and therefore hold substantial oppor-
tunities for the investigation of complex human diseases, drug development, regenerative
and precision medicine, as well as transplantation.

Despite the promises for science, the technology of organoids poses complex ethical
challenges because it involves use of human tissues, production of sensitive personal data,
long-term storage in biobanks, as well as the potential for some organoids to obtain human
characteristics. Although to date there are no specific guidelines or regulations for organoid
use and biobanking, there are several instances where organoids are already being used at
the stage of clinical trials [4], demonstrating the quick pace at which this technology moves.
As a result, considering the unique near-physiological characteristics of human organoids,
a more thorough consideration of the ethical issues posed by organoids is necessary to
achieve ethical use and societal acceptance of organoid technology.

This study aims to analyze the multifaceted ethical issues posed by organoids and
to identify potential measures that need to be taken at various levels to ensure the ethical
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use and application of this technology. It is concluded that despite the multifaceted ethical
challenges posed by organoid use and biobanking, we have a moral obligation to support
and pursue organoid research, in order to make sure that we do not lose any of the
potential benefits that organoids offer. A stepwise approach is recommended, which may
help maximize the biomedical and social benefits of organoids and contribute to future
governance models in organoid technology.

2. The Promises of Organoid Technology

One cannot deny that there are still certain limitations in organoid development and
function than we need to overcome. For example, the lack of vascularization and matura-
tion in the developing organoids, the lack of standardization in organoid establishment
and quality control, the variability of phenotypes produced and the lack of inter-organ
communication are remaining challenges [5]. However, organoid technology holds great
potential in clinical translational research.

2.1. Alternatives for Drug Testing in Animals

First, organoids provide complementary approaches to the use of laboratory animals
for scientific purposes. In vivo studies screening for novel drug compounds, testing efficacy
and toxicity are necessary for drug approval by the competent authorities. Following
proper validation as pre-screening systems for novel drugs, in vitro studies in organoids
can substantially reduce the number of animals used [6]. Moreover, organoids provide
greater experimental flexibility and accessibility compared to vertebrate animal models,
allowing for extensive research at a lower cost.

2.2. Disease Modelling

Second, the ability of organoids to mimic human pathologies at the organ level will
counteract the lack of appropriate animal disease models, particularly for chronic, infectious
or complex diseases, and will facilitate the study of disease mechanisms. Even in cases
where appropriate animal models exist, they cannot entirely reflect human physiology.
Organoids can bridge this gap in research between animals and humans. They can be used
in disease modelling aiming to develop advanced therapies for various human diseases.
To name a few, they have already been used as models of genetic conditions such as cystic
fibrosis [7], polycystic kidney disease [8] and Zika virus infection [9]. Brain organoids,
in particular, have huge potential for modelling neurodevelopmental disorders, such as
microcephaly [10], which are either impossible to model in animals or existing animal
models are not appropriate.

2.3. Living Biobanks

Third, small tissue biopsies from humans can be used to develop human organoids
which can be grown indefinitely. Derived either from healthy volunteers or patients, these
organoids can be stored and serve as living biobanks for the study of different pathologies
in translational research. Such biobanks do not only provide a source of biological material,
but can also provide information on organ physiology and function.

2.4. Precision Medicine

Fourth, human genetic variation may influence the disease onset, symptoms, severity,
progression and drug response. Patient-derived organoids provide the means to develop
personalized approaches and lead to precision medicine. They can be used to select for
appropriate drugs in patients with genetic diseases or cancer, to predict response to drugs
and choose better therapeutic options for each individual or groups of individuals. In
other words, organoid biobanking can be a valuable resource to identify effective drugs
against a broad spectrum of disease phenotypes. If these biobanks manage to cover the
range of genetic variance in populations worldwide, they will eventually facilitate the
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design of powerful drug screening platforms, which will be effective for targeted groups of
patients [11].

2.5. Regenerative Medicine

Fifth, organoids derived from healthy individuals can provide the basis for advanced
therapies. Organoids comprise an exceptional source of stem cells for cell therapies and
tissue engineering products with potential applications in numerous human diseases.
A characteristic example is the transplantation of human embryonic stem cell-derived
retinal tissue in two primate models of retinal degeneration [12]. Patient-derived organoids
can even be combined with in vitro genome modification technologies, such as CRISPR
(Clustered Regularly Interspaced Short Palindromic Repeats), to edit genetic mutations
causing disease and replace existing pathological tissues. The study by Schwank et al.
provided the proof-of-concept by using the CRISPR/Cas9 genome editing system to correct
the Cystic Fibrosis Transmembrane Conductor Receptor (CFTR) locus by homologous
recombination in cultured intestinal stem cells of cystic fibrosis patients, and the corrected
allele is expressed and fully functional as measured in clonally expanded organoids [13].

2.6. Models of Organ Development

Sixth, the ability of organoids to self-organize and self-assemble makes these structures
an excellent tool to model organ development, a process that cannot be studied in animal
models due to interspecies differences [3].

2.7. Transplantation

Finally, organoids could provide an alternative source of organs for transplantation
in humans. Although this application may seem remote and less realistic, at least for
now, human organoids could potentially play a role in autologous, whole-organ replace-
ment without having to face the challenges of immunocompetency and rejection. For
example, the successful reconstitution of 3D nephric tubules and glomeruli, the two main
components for kidney functions, from mouse and human PSCs provides insight on how
organoid technology could be used in renal replacement strategies [14]. Again, transplan-
tation applications of organoids could be combined with genome editing technologies
to provide “healthy”, autologous organoids. For instance, the use of the CRISPR/Cas9
system in organoids to correct mutations in the CFTR gene causing cystic fibrosis, has also
demonstrated that it is possible to use a similar strategy to generate autologous organoids
for transplantation in patients [13].

3. Ethical Challenges in Organoid Use

Overall, organoids present with enormous potential for drug screening, disease mod-
elling and therapeutic applications. However, their derivation and their current or future
applications, raise a number of ethical issues that are discussed below. Some of the ethical
dilemmas posed by organoids are similar to the ones raised by debatable issues existing
for decades, such as research in human embryos and use of ESCs or informed consent and
privacy of donors whose materials, e.g., cells, are used in existing technologies. Neverthe-
less, the use and storage of organoids pose additional, novel ethical challenges related to
the potential acquisition of human “characteristics or qualities”, to their moral and legal
status, to the level of acceptable organ maturation for certain applications, whether their
creation constitutes life or whether they deserve special protection.

3.1. Source of Stem Cells

Organoids derive from fetal or adult tissues, from ESCs or iPSCs. ESCs are PSCs,
possessing a nearly unlimited self-renewal capacity and developmental potential to differ-
entiate into any cell type of the human body. This property allows ESC-derived organoids
to serve as outstanding in vitro models for developmental biology. ESCs are isolated from
the inner cell mass of in vitro fertilized blastocysts. Nonetheless, their isolation from human
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embryos, which deals with early forms of human life, creates significant ethical concerns
over their use in research, including organoid research. Controversial beliefs can attribute
a moral status to the human embryo ranging from that of human organs or tissues to that
of a human being [15]. Consequently, the use of ESCs in organoid technology raises major
ethical concerns on the value of human life and respect to human dignity.

Of course, this has also legal ramifications, as the human embryo is subject to stringent
regulation in most jurisdictions. Under the “gradualist approach” adopted by several
jurisdictions, the moral status of the embryo increases during its development as we move
from fertilization, to implantation, to primitive streak and nervous system formation (the
14-day limit) and to subsequent developmental stages. Therefore, research on human
embryos and consequent use of ESCs in organoids can be ethically acceptable depending
on the developmental stage of the embryo, but always under strict conditions of informed
consent and appropriate licensing. For example, research in embryos and human ESCs is
prohibited in Italy and Germany, whereas the regulatory framework in Greece and Portugal
allows for research in surplus embryos only until the 14th day of in vitro development, after
informed consent of gamete donors and approval by the competent authorities. In only a
few countries, such as the UK and more recently the Netherlands, the in vitro creation of
embryos for research purposes is allowed after licensing [16].

Nevertheless, ESC use raises additional concerns over whether there is appropriate
informed consent provided by the gamete donors or whether there is potential induce-
ment. An informed consent for research purposes, which may include research for in vitro
fertilization and infertility, ESC use, creation of ESC lines or use of ESCs for commercial
purposes, may be considered too generic unless it is explicit enough to define the area of
research and the potential uses of embryonic tissues. Therefore, a valid informed consent
must be explicit enough to define the area of research and the potential uses of embryonic
tissues. In the case where embryos are primarily created for research purposes, there
are further issues that must be considered. These include health and safety risks for egg
donors, as well as the compensation for egg donation, which remains a controversial issue,
particularly because it entails the commodification of human body parts.

The development of iPSCs provided a revolutionary alternative approach to the use
of ESCs. Through the reprogramming of adult somatic cells, iPSCs exhibit pluripotency
comparable to ESCs. Essentially, organoid technology was fired by studies showing that
PSCs have the capacity to self-organize into the complex structure of an optic cup [17] and
that intestinal organoids can be derived from single adult iPSCs [18]. Subsequent studies
continued to demonstrate that adult stem cells can be propagated in various organoids,
mimicking real organs.

Although iPSCs may not be a complete alternative of ESCs in organoid technology,
they can certainly help avoid the major ethical and legal challenges posed by the use of
ESCs. iPSCs can circumvent the destruction of embryos, and set aside the significant
issues of potential health risks and compensation for egg donors. They can be collected
with minimally invasive or even non-invasive techniques, posing limited health risks
to the donors, and most frequently, they are used for personal treatments of the donors
themselves. In that sense, whenever science allows it, iPSCs may be preferable to ESCs in
organoid technology.

3.2. Informed Consent of Cell Donors

The use of iPSCs in organoid technology raises less complex concerns compared to
the use of ESCs, which relate mainly to the informed consent of tissue donors. Ethically,
informed consent is the ultimate manifestation of respect of an individual’s autonomy.
Legally, informed consent safeguards individuals’ or patients’ rights to autonomy and
self-determination with diverse legal consequences in different jurisdictions. Nevertheless,
whether donors are healthy individuals or patients, the purpose of donating cells for
organoid creation can sometimes be unclear. Do they consent to the development of
standard therapy? This presupposes that the end product (the therapy) has been previously
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validated and approved by competent authorities for this specific use. Do they consent
to the development of an advanced therapy? This may include unproven therapies, for
which limited or no proof on their safety and efficacy has been produced. Do they consent
to research in organoid technology? If yes, do they consent to the development of disease
models or novel therapies? This encompasses a systematic study which will lead to the
documentation and establishment of results. Such questions are very difficult even for
researchers to answer and the cell donors find it difficult to process all these possibilities
and related information. In any case, a vague purpose of iPSC use for the development of
organoids is not acceptable for a real and proper informed consent. The issue of informed
consent is further discussed below in the context of organoid biobanking, which can include
consent in both clinical and research settings.

3.3. Issues Specific to Embryoids

Studying the early phases of human development is of particular importance for birth
defects and teratogenesis, as well as for prevention of implantation failure, pregnancy loss,
infertility treatment and assisted reproduction. The main body of knowledge of embryonic
development is derived from animal models, which, however, exhibit limitations due to
morphological and genetic differences to humans. In vitro fertilization has enabled the
study of human embryos, but this is restricted by the 14-day limit post-fertilization and
poses serious concerns on the moral status of the embryo, as discussed above for the use
of ESCs. Advances in stem cell biology and the use of embryonic and extraembryonic
stem cells, including those derived from embryos, have made it feasible to study em-
bryogenesis and embryo development in embryo-like structures called embryoids [19].
Unlike organoids that mimic a specific organ, embryoids model integrated development
of the entire conceptus or a part of it, and may in the future have the potential of a full
organism. Despite their differences, both organoids and embryoids show properties of
self-organization and can be derived from pluripotent or differentiated cells [20]. In addi-
tion, they both show resemblance to their in vivo counterparts. Human embryoids exhibit
similar morphological and gene expression features to real human embryos, which makes
them the only resource to study embryo development beyond the limit of two weeks
post-fertilization. In this context, embryoids are examined herein as distinct but similar 3D
structures to organoids, which serve as models to investigate human biological processes
or developmental diseases.

Although the use of human embryoids may help avoid the concerns of using human
embryos, they provoke significant ethical controversy, mainly because some individuals
may consider them a form of human life. The matter whether human embryoids could
be considered as embryos holds implications for both research and policy. The moral
status of these structures is debatable. They are derived from ESCs or iPSCs and they do
not constitute zygotes derived from the fertilization of an egg with sperm. As a result,
the narrow definition of a human being “from the moment of conception” that some
individuals use may not be applicable here. Accordingly, the days post-fertilization cannot
be defined and the 14-day limit may not be relevant, either. Hence, the question that arises
is whether the 14-day rule could be breached, at least for embryoids derived from iPSCs.

As a consequence, the legal status of these structures is also questionable. To date,
there is little explicit regulation of human embryoid research. Depending on the definition
of embryos in various jurisdictions, on the occasions that such a definition exists in the
national laws, the use of embryoids in research can fall under existing provisions [21].
Hyun et al. make a distinction of different embryo models, depending on whether they
attempt to model the integrated development of the entire conceptus, i.e., whether they
have the potential to form a full organism or not, which may prove to be useful in future
regulation of embryo models [22].

Another important issue to be considered here is that human embryoids derived from
iPSCs could be considered by some as cloned embryos, as they are genetically identical
to the cell donors, which could be subsequently used for therapeutic or reproductive
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applications. This will certainly complicate the regulation of embryoid use taking into
consideration that worldwide policies on human cloning vary significantly, from per-
missive to restrictive or a complete lack of a specific policy. This is another reason why
it is extremely important to provide a definition of an embryo and distinguish embryo
models based on whether they have the potential to form a full organism or not. An
equally important issue that is worth consideration is that of human cloning combined
with eugenics. In pursuit of “perfection”, cloned human embryoids derived from iPSCs
genetically modified to carry desired characteristics (physical or cognitive) may be consid-
ered by some as morally objectionable, leading to fundamental social inequalities and loss
of inter-individual variability.

As technology progresses, cell culture methodologies will be refined and the develop-
ment of embryoids will better resemble the morphology and development of their in vivo
counterparts. At the same time, this will elevate ethical concerns over the conduct of
research in embryoids having the full potential to form an organism, and special legal
oversight will be necessary. The degree of maturation is particularly relevant for embry-
oids. To which extend should human embryoids be allowed to mature? The answer to this
question will have significant implications on their moral status, the degree of protection
that they deserve and the “rights” of embryoids. The more they mature, the more closely
they resemble human embryos and this implies that more research restrictions may be
applicable. Rules, such as the 14-day limit or the appearance of a primitive streak, may also
be applied in the case of such embryoids. The transfer of human embryoids to the uterus
(either human or other mammalian) raises even more ethical concerns and may violate
existing recommendations to ban human cloning.

3.4. Issues Specific to Brain Organoids

Human brain development and diseases affecting the brain are difficult to study in
animal models, mainly due to differences in complexity, physiology and mechanisms
between human and other species. In addition, based on moral grounds, the study of
human brain in fetuses remains controversial. For the above-mentioned reasons, cerebral
or brain organoids are extremely useful to investigate the complex processes of the brain.
Various cerebral organoids have already been developed including forebrain, midbrain,
hypothalamic and whole-brain organoids [10] exhibiting variable resemblance to their
in vivo counterparts.

The main concerns on brain organoids revolve around the fact that these miniature
organs constitute neural entities of human origin and whether they could obtain human
characteristics, cognitive abilities or be sentient. Although researchers working on brain
organoids may not directly aim to develop sentient organoids or organoids with cognitive
abilities, this could be a consequence of their original aim to investigate human diseases and
develop therapies. Thus, a key question that arises is whether they can exhibit conscious-
ness, feel pain, respond to stimuli or even gain experiences in any way. The possibility
that human brain organoids may develop consciousness has major complications. Of
course, considering the lack of consensus on what constitutes consciousness, the lack of
knowledge and the technical challenges on how to detect consciousness or investigate
whether organoids can feel pain, it becomes evident that these issues are difficult to address.
Some argue that the evaluation of the possible state of consciousness in brain organoids
depends on the theory of consciousness that is adopted [23], while others support that
existing tests to assess consciousness in brain-injured non-communicating patients may
provide methods to assess consciousness in brain organoids [24]. In any case, the ability of
brain organoids to host consciousness or feel pain depends on the degree of development
and the maturity at different developmental states.

A portion of researchers argue that scientific knowledge in brain organoids has not yet
enabled organoids to interact and respond to stimuli or gain experience, and perhaps such
concerns seem premature at present. Nonetheless, future advancements in methodology
may allow brain organoids to develop cognitive functions, comparable to the human
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brain. Already, Muotri and colleagues have developed human cortical organoids, a brain
region that controls cognition and interprets sensory information. These cortical organoids
exhibited electrical activity, similar to the ones observed in premature babies born at 25–
39 weeks post-conception [25]. Although brain organoids may not be mature enough to
closely resemble the adult brain, their potential to host cognitive abilities demands strict
ethical scrutiny before the technology progresses up to that point.

To date, the degree of maturity that can be eventually reached by a brain organoid
remains unknown and this has major implications on the informed consent provided by
the cell donors. Uncertainties about the state of consciousness in brain organoids and
whether they are able to feel can dispute that informed consent is really true and informed.
To stretch this point, could there be any kind of connection between the cell donor and the
brain organoid? How could such an issue be reflected in an informed consent?

Whether and to what degree brain organoids can exhibit human characteristics has
major implications on the moral status attributed to brain organoids. In the case that
brain organoids are eventually found to exhibit even a minimal state of consciousness
or found to be the least sentient, they may require special protection. This implies that
limitations should be introduced to regulate the relevant research, including their storage,
manipulation and destruction. For instance, if in the future it is demonstrated that brain
organoids feel pain, then the comparison to animal studies is inevitable, and it will be
necessary to impose rules equivalent to the principles of Replacement, Reduction and
Refinement (3Rs).

3.5. Issues Specific to Gonadal Organoids

Establishing and characterizing testis and ovarian organoids from human iPSCs is a
promising tool in male and female reproductive biology, pathology and toxicology. Indeed,
studies have generated testis-like cells [26] and ovaries [27] with the ability to be cultured as
an organoid from human iPSCs. Gonadal organoids offer an alternative to experiments that
cannot be performed in humans due to ethical or regulatory issues, but their development
and use certainly raise novel ethical concerns.

As with other types of organoids, gonadal organoids can serve as a source of cells
which could be likely used for in vitro fertilization (IVF). This includes cases where no
viable oocytes can be extracted for IVF or cases of cancer where prepubescent girls undergo
chemotherapy treatments destroying their oocytes. Although more research is necessary to
reach the point that iPSCs can be used to develop gonadal organoids that could provide
viable oocytes or sperm, progress in this field may open up new possibilities for infertility
in the future. Indeed, this could help overcome the ethical issue of maternity and paternity
in cases where infertile people use donated gametes that are genetically different from
them. Even so, more complex ethical concerns are raised by the use of gonadal organoids
in fertilization. In theory, a gonadal organoid developed by male iPSCs may be used to
generate oocytes and vice versa, totally challenging the established religious beliefs or
social standards that human reproduction requires a male and a female partner or donor.

The potential of gonadal organoids to be used for reproductive purposes also requires
the explicit consent of tissue donors. In analogy to posthumous gamete and embryo
use for reproductive purposes, which in many jurisdictions is permitted when written
documentation from the deceased allowing the procedure is available, the use of gonadal
organoids could be ethically acceptable only in the case that the cell donor has consented to
this specific purpose. This issue is extremely sensitive considering that the original consent
for the development of the organoid may have been obtained for other purposes, such as
research or treatment, not explicitly for reproductive purposes. Informed consent by the
cell donor in this case is a moral and legal recognition of the person’s autonomy and will
certainly require regulatory oversight.

In any case, a consensus should be reached at an international level on whether
gonadal organoids could be used for reproductive purposes or whether this should
be prohibited. It is important however, to define the scope of such a prohibition. The
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use of gametes originating form gonadal organoids may be banned for clinical use, i.e.,
transfer to the uterus after fertilization, but it could be allowed for research purposes to
investigate infertility.

3.6. Issues Specific to Multi-Organoid Complexes

The field of organoid research is undeniably advancing, and although not completely
mature, scientific and technological developments may allow for connection of multiple
human organoids to create multi-organoid complexes. With the advantage of the organ-on-
a-chip technology and the use of microfluidics, assembling different organoids to multi-
organoid complexes has already been demonstrated. For instance, merging organoid and
organ-on-a-chip technology successfully generated complex multi-layer tissue models in a
human retina-on-a-chip platform [28]. Skardal et al. also described a three-tissue organ-on-
a-chip system, comprised of liver, heart and lung using bioengineered tissue organoids and
tissue constructs that are integrated in a closed circulatory perfusion system [29]. Even more
importantly, Xiang and colleagues recently established the fusion of two distinct region-
specific organoids representing the developing thalamus or cortex, which are critically
involved in sensory-motor processing, attention and arousal, and exhibited the feasibility
of fusion of disparate regionally specific human brain organoids [30].

Although multi-organoid complexes broaden the horizons for drug testing, drug
discovery and personalized medicine [31], these humanized models raise additional con-
cerns and demand moral consideration. As Munsie et al. argue, “the degree of integrated
biological functioning in multi-organoid complexes might trigger moral reactions on the
appropriateness of creating and experimenting with such familiar, biologically humanized
entities” [32]. As demonstrated by Xiang et al., this is of particular importance in cases
where a brain organoid is connected with other nerve tissues or in cases where a brain
organoid is connected with other organoids [30].

The potentiality of such human organoid complexes to accept and respond to stimuli or
to exhibit some kind of autonomous behavior may provoke strong opinions on their human-
like moral status, demanding special protection from harm. Consequently, the comparison
between using multi-organoid complexes and animals is inevitable here. Multi-organoid
complexes that include brain organoids would demand the obligation of researchers to
seek alternative methods of experimentation. At least, they would demand the imposition
of strict rules for pain minimization, manipulation refinement and appropriate methods
of destruction or “sacrifice”, just as in animal studies, which would be assessed through
in-depth ethics review processes by Research Ethics Committees.

3.7. Gene Editing

Human organoid technology can be used in combination with genome (or gene)
editing technologies to either study human diseases or develop novel therapies. Gene
editing techniques can be applied to edit genes in ESCs, iPSCs, germ cells, somatic cells or
even human embryos and hold great therapeutic potential. The CRISPR system has gained
more interest compared to other technologies such as transcription activator-like effector
nucleases (TALENs) and zinc-finger nucleases (ZFNs), because it is simpler, more flexible
and has a low cost. The proof-of-concept study demonstrated that the CRISPR/Cas9
genome editing system can be used to correct a mutation in the CFTR gene in cultured
intestinal stem cells of cystic fibrosis patients, and the corrected allele is expressed and fully
functional as measured in clonally expanded organoids [13]. This study demonstrated
the potential of CRISPR technology combined with patient-derived organoids and their
utility as platforms for in vitro research and diagnostics. Since then, new applications
of the CRISPR technology in organoids have appeared. CRISPR has been utilized in
gut organoids to model cancer and hereditary diseases, in liver, pancreatic or mammary
organoids to model cancer and in kidney organoids to model polycystic kidney disease
(reviewed in [33,34]).
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Furthermore, genome editing technologies offer a significant advantage in represent-
ing rare genotypes in organoid development. Donors exhibiting unique or rare genotypes
may be extremely valuable in organoid technology, but this creates an enormous ethical
pressure for them to donate their cells [35]. Gene-edited organoids with established rare
genotypes can help avoid the ethical issue that arises in such cases.

CRISPR-edited patient-derived organoids hold great promise for personalized cell
treatments and the replacement of impaired tissue in patients. However, CRISPR/Cas9
is known to be prone to off-target effects, which was also the case in the proof-of-concept
study in organoids [13]. Off-target effects can mediate unexpected mutations at different
loci, raising concerns on the safety of this genome editing technology, mainly due to its
oncogenic potential. This concern is particularly relevant when organoids or cells derived
from organoids are intended to be used for in vivo therapeutic applications, where genomic
integrity is threatened, generating serious ethical implications. Nevertheless, continuous
research has showed that off-target effects can be predicted and protocols can be refined to
increase specificity of the CRISPR technology. Additionally, other Cas9 variants or other
CRISPR-associated nucleases (Cpf1 and C2c1) have been shown to be highly specific and
reduce off-target effects, suggesting that off-target effects will be eventually minimized.
Thereupon, what is the level of safety that should be reached to allow the use of gene-edited
organoids for clinical use in patients? A suggestion here is to use the existing ethical and
legal framework for gene therapy clinical trials. When CRISPR is proved to achieve a
safety level analogous to that of gene therapies reaching the clinical trial stage, the next
step would be to study gene-edited organoids as potential therapies, in the setting of a
robust, first-in-human clinical trial producing accurate evidence on safety.

However, even in the case that an optimum level of safety has been reached for genome
editing technologies, it may not be ethically acceptable to alter the human genome. Some
argue that editing the human genome in cells subsequently transplanted into humans could
mark the beginning of a slippery slope, which will eventually lead to other applications,
being gene editing in germ cells and human embryos, human cloning or the creation of
human–animal chimeras, and such applications fail to protect the fundamental value of
human dignity.

Yet again, we should consider essential differences for certain types of organoids.
The special moral status attributed to embryoids and cerebral organoids and the potential
use of gonadal organoids in reproduction perhaps allow their genetic manipulation and
subsequent use for research purposes but not for clinical applications. A consensus should
be reached between researchers on whether the use of CRISPR-edited embryoids, brain
and gonadal organoids must be prohibited at the clinical level.

3.8. Creation of Chimeras

Transplantation of human cells in animal models and the subsequent creation of
human-animal chimeras has been widely used in certain research fields. For instance,
humanized mouse models are being extensively studied in cancer research, without gener-
ating massive arguments. In principle, human stem cell transplantation into animals is not
distinct from transplanting human organoids into animals, but the latter may create major
ethical concerns, mostly due to the fact that the transplanted human mini organs closely
resemble their in vivo counterparts.

Before all else, a key question that should be addressed in chimeric research is whether
crossing species boundaries is ethically acceptable. For some, this is a violation of human
dignity and human nature. Animals have a different moral and legal status from that of
human beings, and are consequently treated differently. Animals are neither considered as
“things” nor “persons” and do not have rights (at least yet) merely because they cannot
fulfill any obligations. Quite the reverse, humans do have an obligation to protect animals
and this is inherently recognized by permitting animal experimentation for scientific
purposes to obtain new knowledge for the benefit of mankind, but with respect to certain
principles for animal welfare, under specific legislation and under strict conditions of
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licensing by the competent authorities [36]. Accordingly, a primary ethical issue in chimeric
research concerns animal welfare and the effects of organoid engraftment in the health of
animals. In this respect, depending on the chimeric model and the human organoid used,
the extent of maturation is critical and it is crucial to restrict the development of chimeric
organisms, e.g., into early life instead of allowing them to reach an advanced age.

As organoid technology progresses, however, the ethical concerns grow to include
particularly the use of human brain and gonadal organoids in chimeric research. When
human brain organoids are transplanted in animals, this may change the cognitive capa-
bilities of the resulting chimera [37,38]. Considering also the possibility of human brain
organoids developing sentience or consciousness (as discussed earlier), such human-animal
chimeras are ethically highly problematic. When human gonadal organoids are used in
animals, this raises the additional possibility of cross-species fertilization. Following these
possibilities for brain and gonadal organoids, the confusion as to the moral status of the
chimeric organism and whether it should be treated as a human or an animal is apparent
and justifiable. This is of greater concern when larger animal models than mice are used,
such as non-human primates, at least due to their morphological similarity to humans.

The use of human organoids in animals probably does not require new legislation, as it
falls under existing regulatory frameworks of chimeric research and animal welfare. Many
European countries including Greece, Cyprus, Italy and Germany prohibit the creation
of human–animal chimeras by law, mainly due to ethical issues that arise by chimeric
research and the lack of ability to predict the potential outcomes of such experiments. Such
prohibitions are included in existing regulations for medically assisted reproduction and
in vitro fertilization.

On the other hand, the creation of human–animal chimeras and even the develop-
ment of cytoplasmic hybrid embryos for research purposes are permitted in the UK. As
organoid technology progresses, legislations in the USA and Europe may need to be re-
vised regarding chimeric research in order to avoid lagging behind in research compared
to countries such as China and the UK that allow it. In any case, however, ethical scrutiny
is required by the competent Research Ethics Committees reviewing the relevant protocols
of organoid transplantation into animals, especially when the resulting chimeric organisms
are expected to create confusion over their human or animal nature. Research protocols of
human–animal chimeras involving use of human whole organoids should be reviewed on
a case-by-case basis, because the potential benefits and risks and the ethical concerns which
vary according to the type of organoid must be taken into consideration in each case. It is
also important that research involving transplantation of human organoids into animals
should be conducted gradually, closely monitoring any changes in the body and behavior
of the resulting chimeric organisms at every step.

3.9. Organoid Transplantation

It has been proposed that organoid technology may serve as a source of organs for
transplantation, even though most researchers believe this goal is a long way off. Moving
from bench to bedside, human organoids could serve an unmet worldwide need: the
shortage of grafts for transplantation for replacing damaged tissues or whole organs. Of
course, for clinical translation of organoids, certain standards of size, degree of maturity,
organoid functionality and safety need to be achieved first. With ongoing research and
continuous improvement of organoid technology, some of these obstacles are expected to
fade. In a very recent example, Liu et al. managed to scale up mini-organs by using Multi-
Organoid Patterning and Fusion, a robust organoid engineering approach to assemble
individual airway organoids of different sizes into upscaled, scaffold-free airway tubes
with predefined shapes [39], demonstrating that the size of organoids may not be a problem
for transplantations in the future.

Hence, before moving from bench to bedside, there is a need to analyze and consider
the ethical issues of a first-in-human organoid transplantation trial. Such issues are not
new, in the sense that they are common for all first-in-human trials involving a novel
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therapeutic approach. A first-in-human organoid transplantation trial would pre-require
extensive preclinical research in human–animal chimeras showing sufficient evidence for
organ engraftment, organ functionality and safety of the transplantation should include a
full assessment of potential benefits and risks, a favorable risk–benefit balance that justifies
the intervention, selection of participants and appropriate informed consent procedures.
A distinction in a first-in-human organoid transplantation trial is the fact that it would
require the participation of vulnerable patients in Phase I, who are at late stage of disease
and urgently require organ transplantation. Therefore, it contains the risk of the so-called
“therapeutic misconception”, a phenomenon during which the study participants have
no other available therapeutic options and believe that they will be personally benefited
therapeutically by the clinical trial rather than they will help to generate knowledge and
advance the science for certain diseases [40]. In view of that, the risk of therapeutic
misconception must be taken into consideration during the informed consent procedure
and ensure that participants in the trial fully understand the true benefits of research.

Some scientists have even raised the question about whether it is ethically acceptable
to include children in a first-in-human organoid transplantation clinical trial and under
which conditions. Of course, these would be children who suffer from severe conditions
that predominantly affect children, such as metabolic diseases [41]. In such cases, addi-
tional ethical concerns should be considered including the principle of subsidiarity, which
demands that clinical research involving children is only permissible if the clinical study
cannot be performed in adults. Such first-in-children clinical trial for liver organoid trans-
plantation could be ethically justified provided that certain guidelines are followed and
various safeguards are met [41].

Finally, it is worth noting that organoid transplantation may offer an alternative
to xenotransplantation [42]. Xenotransplantation is the transplantation, implantation or
infusion of living cells, tissues or whole organs from animals to humans and has been
examined as a possible solution to the scarcity of human organ donors, to the illegal
trade of organs from living donors and the use of condemned prisoners as donors, which
is permitted in some countries. It involves genetic modification of animals (e.g., pigs
and non-human primates) so that their organs cause a reduced immune response when
transplanted into humans, raising arguments on the welfare of the donor animals. In
addition, xenotransplantation encompasses serious safety issues, because of the possibility
to transmit infectious agents from animals to human recipients threatening the recipient’s
health but also public health. Perhaps more importantly, transplanting animal organs into
humans raises concerns over whether this changes the human nature of the recipient and
whether it violates the integrity of the human species. These issues result in reduced societal
acceptability of xenotransplantation. Could organoid transplantation offer a substitute
approach that can diminish such ethical concerns? Indeed, organoids are derived from
humans, and therefore cannot change our human nature. They can even be derived from
the recipient’s cells, vanishing the risk of transmitting (animal) diseases and minimizing
the risk of organ rejection by the recipient’s immune system.

3.10. Commercialization of Organoids

Human tissues and cells hold great commercial significance beyond transplantation
and transfusion, and this is well exhibited through their use in organoid technology and
its numerous applications in disease modelling and regenerative and precision medicine.
Nevertheless, commercialization of human body parts and tissues poses ethical and legal
challenges arising from the main question of whether it is possible to have property rights
in biological materials extracted from the human body and consequently, whether we
can sell them and have a financial gain. Opponents of human body commercialization
are in favor of donation in research or therapy as an act of altruism of the donors and
solidarity with those in need. In this context, it should be examined whether it is ethically
acceptable to commercialize organoids derived from human tissues. On the one hand, if
it is not allowed to commercialize organoids, even independently of the tissue donor’s
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will, then the risk of halting or placing obstacles in biomedical research is apparent. On
the other hand, if organoids can be “traded” as commodities, then the interests of third
parties ultimately have more value that the rights of tissue donors. Of course, property and
commercialization concerns do not have a basis in the case of autologous use of human
organoids, where the donor and the recipient are the same person who will potentially
benefit from such a procedure.

An approach to address this difficult issue is to classify human bodily material as
either subject or object, but this may not reflect their true moral value. As discussed earlier,
certain types of organoids may deserve special protection due to their “special” moral status.
Depending on their maturation, embryoids may closely resemble human embryos, brain
organoids may exhibit even a minimal state of consciousness, or multi-organoid complexes
may respond to stimuli or exhibit autonomous behavior, and therefore, their moral value is
certainly higher compared to, say, kidney or intestine organoids. Accordingly, embryoids,
brain organoids and multi-organoid complexes may be considered closer to “subjects” than
“objects”, but as with animals which are neither considered as “things” nor “persons”,
human organoids could be something between “subjects” and “objects”.

Boers et al. proposed that instead of categorizing human bodily material as either
subject or object, organoids should be recognized as hybrids, which are neither human nor
non-human, by considering that organoids exhibit: (i) subject-like values since they can
relate to the bodily integrity of donors and recipients, to the personal identity and values
of donors, to the privacy of donors and they can impact the well-being of donors, and (ii)
object-like values, since they constitute biotechnological artefacts, they are a technology and
they can serve as instruments to achieve scientific, clinical or commercial aims. They further
described a process of legitimizing the commercialization of organoids by a detachment of
the instrumental and commercial value of organoids from their associations with persons
and their bodies [43]. Indeed, such an approach respects both the moral value of organoids,
which stems from their connection to the cell donors and the advantages for science.

According to normative national or European documents and guidelines, the human
bodily parts (including not only whole organs but also human tissues) shall not give rise
to financial gain. Nevertheless, current practices in Europe and an analysis of normative
documents shows that the ban on commercialization of bodily material is not as strict as
it may appear at first sight. Some countries have not ratified the relevant conventions or
certain European directives and that leaves room for the commercial practice of tissue
procurement and transfer [44]. Looking into the future, organoid technology with its
enormous potential deserves and should have a clearer regulatory framework on whether
the commercialization of human organoids is legitimate or whether it should be prohibited.

3.11. Patentability of Organoids

A relevant point to the commercialization of organoids is whether they should be
patentable. Both dilemmas derive from the demand of property or ownership of the
produced organoids. Patenting is a system of intellectual property protection designed
to reward inventors. Organoids derived from human cells, either embryonic or adult
stem cells, are biotechnology products resulting from the application of cell and molecular
biology methods to manipulate biological processes, and thus can be deemed as patentable
interventions. Indeed, a number of patents have been granted for various organoids or
methods to develop organoids in the USA and Japan [45].

On the one hand, a robust patent system is desirable to ensure funding and progress
in organoid technology, to encourage research in such beneficial areas that hold great
promises in disease modelling and personalized treatments. On the other hand, in some
cases, patent protection for biotechnological inventions can be limited for ethical reasons.
It can be argued that the principles of beneficence and justice are not served by patent
systems because patents lead to increased costs for patients and National Health Systems.
At least in the European patent system, certain methods or products may be prohibited if
they are contrary to “ordre public” or morality.
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Particularly for organoids, once more, the type of organoid produced could play a
significant role on whether it is eligible for a patent or not. Due to their special moral value,
embryoids and brain organoids could be excluded from patents based on the notion of
morality. Brain organoids with their potential to obtain human characteristics, cognitive
abilities or to develop sentience may not be patent eligible based on the general prohibition
against the patenting of immoral inventions. Likewise, the patentability of embryoids
can be challenged due to their potential, particularly for the European patent system.
For instance, the decision of the Courts of Justice of the European Union on the case
of Oliver Brüstle v Greenpeace, related to neural precursor cells and the processes for
their production from embryonic stem cells and their use for therapeutic purposes [46],
illustrated that patenting of interventions that require prior destruction of human embryos
or their use as base material can be problematic. The Courts of Justice of the European
Union subsequently considered that the patent prohibition applies to anything functionally
equivalent to an embryo with the “inherent capacity of developing into a human being”,
and determined that parthenotes which are produced from an unfertilized ovum do not
possess that capacity and so are patent eligible [47]. This latest decision may also have
implications for the patenting of human embryoids, but considering the progress in this
field and that the degree of maturity in various embryoids varies, it is difficult to assess
whether embryoids have the “capacity of developing into a human being”. As a result,
definitions are of major importance here, too, with implications on whether organoids will
be patent eligible or not.

3.12. The Cost of Treatments and Issues of Equity

Commercialization and patentability of organoids have major implications on the final
cost of the produced treatments. Existing examples of advanced therapies have shown
that stem cell therapies may be expensive [48,49], which raises serious ethical concerns
over the unequal distribution of effective therapies based on wealth and socioeconomic
status. Increased cost means that not all patients in need will have access to expensive
personalized treatments, despite the fact that they may be life-saving. On the other hand,
iPSCs are relatively easy to obtain, which means that in the future, organoids derived from
iPSCs may indeed provide a more affordable option for treatment. Thus, equity is a primary
concern since the potential benefits of organoid technology should be distributed evenly.

3.13. Misuse and Dual Use Issues of Organoids

As with most biotechnologies, organoid technology could also be used for malevolent
purposes. Rinaldi and Colotti argue that organoids can be used for harmful purposes and
bioterrorism. For instance, lung and brain organoids could be used to test the toxicity of
new chemical weapons, toxic chemicals or toxins, or to assess the infectivity of biological
agents [50]. More than other in vitro cell systems, the knowledge gained through the use
of organoids can also be used for military applications. Biobots combining robots and
human tissues, such as organoids, are typical examples of items raising dual-use concerns.
This is particularly possible for brain organoids connected to a body, such as a robot,
not necessarily a human-like robot. Small insect- or amphibian-like robots can provide a
“vector” for military applications with even autonomous or semi-autonomous properties.

Such malevolent and dual use applications must be considered at an early stage
because, as the technology progresses, certain characteristics or “abilities” of organoids
evolve. Raising these ethical issues among researchers is a necessary first step to prevent
such applications. Although researchers have benign intentions when they develop and
experiment on organoid technology and its applications, this does not mean that the tech-
nology or the knowledge gained by it cannot fall in the wrong hands. Special regulations
may not be necessary for dual and malevolent use of organoids, but current legislations
and ethics standards covering the potential misuse or dual use of biotechnologies can be
applicable in organoids, too.
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3.14. Organoid Biobanking

Organoid biobanking is extremely important for translational research. Organoid
biobanks constitute living biobanks storing viable cells, tissues or even whole mini organs
that can play a double role in research (e.g., alternatives for drug testing in animals,
disease modeling, models of organ development) and clinical settings (e.g., precision
medicine, regenerative medicine, transplantation). Large collections of different types of
organoids representing the genetic heterogeneity of healthy individuals or patients with
various diseases offer tremendous advantages for the study of human diseases and the
development of treatments.

Small or larger collections of patient-derived organoids have already been established,
mainly for cancer studies. These biobanks store patient-derived tumor and matching
healthy organoids including colorectal cancer, pancreatic ductal adenocarcinoma, breast
cancer, prostate cancer and liver cancer organoids, mainly used to test drug sensitivity
(reviewed in [51]). Recently, the first pediatric cancer organoid biobank containing tumor
and matching normal kidney organoids was also set up, aiming to capture the heterogeneity
of pediatric kidney tumors [52]. The potential advantages of organoid technologies have led
large, international initiatives, such as the Human Cancer Models Initiative (HCMI) [53], to
join forces and generate large biobanks of organoids available for the research community.

Nevertheless, organoid biobanking has ethical implications. Some concerns are old
but new ethical issues arise due to the very nature of organoids. At the current stage of
organoid biobanking, there are no binding rules, principles or legal norms defining the
rights and duties of donors and biobankers. Notably, the ambiguous moral and legal
status of organoids further complicates the issue of who owns the cell-derived organoids.
Organoids are biological entities that do not clearly fall into the categories of cells, gametes,
tissues or organs which are legally regulated under relevant laws. Defining the legal status
of organoids, including certain types such as brain organoids, gonadal organoids and
embryoids, is the cornerstone for the consent of cell donors and the subsequent uses of
organoids (e.g., research, clinical, not-for profit, for-profit). Ultimately, defining the legal
status of organoids is a central element in the governance of organoid biobanks.

Commercialization of organoid biobanks raises the issue of fairness and can affect the
donors’ trust and their willingness to provide their samples [54]. Anonymization of the
samples would practically make organoids ownerless but this approach does not allow
donors to maintain their right to withdraw consent. The ownership status of organoids
becomes even more ambiguous if organoids are modified through gene editing, which
means that the final organoid has been produced by means of a technical process, allowing
room for patenting. To overcome the issue of ownership, many existing biobanks that
store and use human biological materials have agreed to be custodians or trustees. A
similar strategy can also be applicable to organoids biobanks. Custodians can act as the
organization that actually holds the assets and trustees can act as managers of the assets
for the beneficiaries of a trust or other party. The literature also suggests that the idea
of treating participants more like “partners” rather than passive tissue “donors” makes
biobank governance more ethically responsible and fair, particularly in the context of living
organoids derived from stem cells of donors [54].

Organoid biobanking demands proper informed consent strategies for both research
and clinical purposes. Similarly to biobanking of human cells and tissues, different consent
approaches can be followed in organoid biobanking: (a) a blanket consent without any
limitations, (b) a broad consent with some restrictions, (c) a tiered consent for certain areas
(e.g., cancer), or for specific diseases (e.g., breast cancer), or (d) a continuous consent, which
requires re-consent for new uses or purposes. There is no consensus on the most suitable
type of consent for organoid biobanking. As in many other cases, a continuous consent
would be impractical and requires an investment of time and resources that impedes the
accomplishment of biobanks’ aims. On the one hand, the more specific a consent is, the
more control is given to donors over their donation. On the other hand, in order to prevent
losing potential social benefits from the use of organoids, a broad consent may be a better
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option in organoid biobanking, as long as donors are provided with sufficient information
to make a reasonably informed decision.

However, donors may have specific concerns, as in the case that the biobank is commer-
cial or for-profit. Therefore, a significant point which must not be missed in the informed
consent is whether the cell donor is informed about the prospect of commercialization of
organoids, and whether he/she agrees to it. Objections may also arise based on the type
of organoid that is biobanked. For brain organoids or embryoids, donors may feel more
attached to them compared to other organoids. Opt-out options should be available in such
cases, providing donors the opportunity to object to certain uses or purposes (e.g., object
to use after the donor’s death, non-therapeutic uses, commercial purposes), according to
their personal values and beliefs. In any case, the consent procedure is and should remain
central in the governance of organoids biobanks, to ensure voluntary and well-informed
donation of samples.

In biobanking, donors provide their consent (whether broad or specific) based on the
condition that their privacy and personal data are protected by de-identification of the
samples. Perhaps one of the major harm risks in biobanking is associated with breaking
privacy of donors. One approach to de-identification is anonymization of samples. This
may be applicable for organoid biobanks for research purposes only, in which case the
return of results to donors may not be necessary. Nevertheless, one should not overlook the
skepticism that true anonymization of genetic data may not be feasible, due to their very
nature. Some believe that the availability of DNA sequencing technology can make it diffi-
cult to maintain anonymization without previous agreements to not pursue identification
via next-generation sequencing.

However, for evident reasons, anonymization is unsuitable for biobanks that even-
tually use organoids for clinical applications, such as personalized treatments, precision
medicine and transplantation, as none of these therapeutic approaches are feasible with-
out knowing the donor’s identity. The decision of patients to donate their stem cells for
organoid biobanking partly depends on the possibility of them being cured from severe
diseases for which no other effective treatments exist. Thus, anonymization is not deemed
appropriate in this case.

What we also need to take into consideration is the fact that organoids are accompa-
nied by genetic data, which are sensitive personal data and demand robust measures of
data protection, particularly for organoids stored long-term and used many years after
the original stem cell donation. Again, this issue must be addressed during the informed
consent procedure. At the same time, bankers and investigators are legally and ethically ob-
ligated to protect sensitive data of donors. They are required to take appropriate measures
to minimize the risk of unauthorized third parties obtaining access to health and genetic
data. Finally, the unclear legal status of organoids and the ambiguous ownership status
also have implications on the ownership of the genotypic or phenotypic data produced in
organoid studies, and this deserves close consideration.

When some of these organoid applications move from research to clinical uses, e.g., the
production of personalized treatments, further considerations must be taken into account.
The clinical validation of organoids must precede and subsequently, possible risks and
benefits of the treatment, of alternative treatments and of refusing the treatment must
also be considered. As a matter of fact, every research activity or clinical application does
involve a certain level of risk for participants or patients. As with human cell and tissue
biobanking, a key issue is that the potential risks to cells donors are disproportionate to
the overall benefits of organoids biobanking. Obviously, this does not lift the obligation
of bankers and researchers to take every possible measure to protect donors from such
risks. In any case, the long-term storage and use of “live” organoids demands meticulous,
continuous ethics review and oversight by independent ethics bodies. Members of these
Ethics Bodies should have a high level of expertise in ethics, law, organoid technology and
biobanking, and of course, representatives of donors or patients should also participate.
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Finally, let us not forget the lessons learnt from the past regarding human biological
material biobanks. What will the fate of organoids be upon unexpected or planned closure
of a biobank? In this respect, a strategy must be in place in each biobank to handle the
organoids according to the relevant legislation but also according to the donor’s informed
consent. This, of course, requires that the possibility of closure of the biobank has been
taken into consideration during the informed consent procedure. Instead of losing the
benefits from previous work on organoids, perhaps the best plan in case of closure is
to ensure that stored organoids are preserved by transferring the biobank’s resources to
another entity [55]. In addition, the organization level of organoid biobanks will play a
key role in their sustainability, but also in the quality of services provided. To protect
and ensure a high quality of research and services, organoid biobanks should implement
standard operating procedures, quality assurance and quality control programs. In order to
achieve consistency in their practices, organoid biobanks should also obtain accreditation,
which requires previous dedication of staff and resources. This is particularly important as
organoid biobanking is expected to increase in the near to mid-term future.

4. Concluding Remarks

Organoid technology holds great promises as alternatives for animal experiments,
disease modeling, regenerative medicine, precision medicine and transplantation. How-
ever, this technology raises complex ethical issues related to the moral and legal status of
organoids, informed consent and privacy of donors, property rights and governance of
biobanks, in both research and clinical settings. A special moral status can be attributed to
certain types of organoids, such as brain and gonadal organoids, creating debates amongst
scientists and members of society on whether they demand special protection compared
to other organoids. In the present manuscript, the ethical challenges posed by organoid
technology have been analyzed and specific recommendations on ethical and regulatory
oversight have been offered.

In view of the fact that up to this moment, there are no specific regulations or guide-
lines for organoid use in research and clinical care, a general combined approach should
be followed to achieve ethical use of organoid technology. The first step would be to
examine if existing ethics review processes, guidelines and regulatory frameworks are also
applicable to organoids. To the degree that organoids show similarities with hESCs or
iPSCs, their use can be examined through existing guidelines of the International Society
for Stem Cell Research (ISSCR) for both stem cell research and clinical translation [56],
which could be adapted if necessary. For organoids used for the development of novel
therapies, the standard approaches to ethics oversight in gene therapy and the relevant
legislation may also be applicable. Likewise, for long term storage of organoids in biobanks,
existing oversight mechanisms in human biological material and DNA biobanking could
be extended to ensure ethically sound strategies for organoid biobanking.

Even so, some of the ethical challenges posed by organoids are not specifically ad-
dressed. Therefore, a second step is required to ensure ethical use of organoids. This is
to examine whether specific types of organoids or specific applications demand special
regulatory provisions. This certainly includes the case of brain organoids and embryoids,
which may have an increased moral status. For instance, existing legislations in various
jurisdictions regulating in vitro fertilization and embryo research may not be appropriate
for embryoids that are not a product of egg fertilization. In such cases, specific regula-
tory frameworks will promote and support ethical organoid research or applications in
clinical care.

A third complementary step would be essential to ensure societal acceptance of
organoid use and participation in relevant research. This is to engage the public and
promote a dialogue between science and civil society on the ethical issues around organoids
including informed consent and privacy, and experimenting with human brain tissues
and embryo-like tissues. Public engagement will also help minimize public confusion
and misinterpretations of using “mini-organs in a dish” and at the same time will avoid
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promises of organoid technology that cannot be confirmed. Of course, this needs to
be combined with appropriate public (media) communication to avoid hyperboles and
excessive expectations of organoid use.

A final, equally important step to ensure ethical oversight and ethical use of organoids
would be to continuously monitor the rapid advancements of this technology. This is
particularly important as organoid research moves into clinical trials to ensure that any
new ethics issues or any changes in the complexity of existing issues will be taken into
consideration.

This four-step approach will help maximize the biomedical and social benefits of
organoid technology. Despite the multifaceted and complex ethical challenges posed by
organoid use and biobanking, we have a moral obligation to make sure that we do not lose
any of the potential benefits through careful considerations, ethical and legal oversight.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Conflicts of Interest: The author declares no conflict of interest.

References
1. Bartfeld, S.; Clevers, H. Stem cell-derived organoids and their application for medical research and patient treatment. J. Mol. Med.

2017, 95, 729–738. [CrossRef] [PubMed]
2. Fatehullah, A.; Tan, S.H.; Barker, N. Organoids as an in vitro model of human development and disease. Nat. Cell Biol. 2016,

18, 246–254. [CrossRef]
3. Lancaster, M.A.; Juergen, A.; Knoblich, J.A. Organogenesis in a dish: Modeling development and disease using organoid

technologies. Science 2014, 345, 1247125. [CrossRef]
4. ClinicalTrials.gov. Available online: https://clinicaltrials.gov/ct2/results?cond=&term=organoid&cntry=&state=&city=&dist

(accessed on 27 January 2021).
5. Kim, J.; Koo, B.-K.; Knoblich, J.A. Human organoids: Model systems for human biology and medicine. Nat. Rev. Mol. Cell Biol.

2020, 21, 571–584. [CrossRef] [PubMed]
6. Marx, U.; Akabane, T.; Andersson, T.B.; Baker, E.; Beilmann, M.; Beken, S.; Brendler-Schwaab, S.; Cirit, M.; David, R.; Dehne, E.M.;

et al. Biology-inspired microphysiological systems to advance patient benefit and animal welfare in drug development. ALTEX
2020, 37, 365–394.

7. Dekkers, J.F.; Wiegerinck, C.L.; De Jonge, H.R.; Bronsveld, I.; Janssens, H.M.; Groot, K.M.D.W.-D.; Brandsma, A.M.; de Jong, N.;
Bijvelds, M.J.C.; Scholte, B.J.; et al. A functional CFTR assay using primary cystic fibrosis intestinal organoids. Nat. Med. 2013,
19, 939–945. [CrossRef]

8. Xia, Y.; Nivet, E.; Sancho-Martinez, I.; Gallegos, T.F.; Suzuki, K.; Okamura, D.; Wu, M.-Z.; Dubova, I.; Esteban, C.R.; Montserrat,
N.; et al. Directed differentiation of human pluripotent cells to ureteric bud kidney progenitor-like cells. Nat. Cell Biol. 2013,
15, 1507–1515. [CrossRef]

9. Dang, J.; Tiwari, S.K.; Lichinchi, G.; Qin, Y.; Patil, V.S.; Eroshkin, A.M.; Rana, T.M. Zika Virus Depletes Neural Progenitors in
Human Cerebral Organoids through Activation of the Innate Immune Receptor TLR3. Cell Stem Cell 2016, 19, 258–265. [CrossRef]

10. Lancaster, M.A.; Renner, M.; Martin, C.A.; Wenzel, D.; Bicknell, L.S.; Hurles, M.E.; Homfray, T.; Penninger, J.M.; Jackson, A.P.;
Knoblich, J.A. Cerebral organoids model human brain development and microcephaly. Nature 2013, 501, 373–379. [CrossRef]

11. Rossi, G.; Manfrin, A.; Lutolf, M.P. Progress and potential in organoid research. Nat. Rev. Genet. 2018, 19, 671–687. [CrossRef]
[PubMed]

12. Shirai, H.; Mandai, M.; Matsushita, K.; Kuwahara, A.; Yonemura, S.; Nakano, T.; Assawachananont, J.; Kimura, T.; Saito,
K.; Terasaki, H.; et al. Transplantation of human embryonic stem cell-derived retinal tissue in two primate models of retinal
degeneration. Proc. Natl. Acad. Sci. USA 2016, 113, E81–E90. [CrossRef]

13. Schwank, G.; Koo, B.-K.; Sasselli, V.; Dekkers, J.F.; Heo, I.; Demircan, T.; Sasaki, N.; Boymans, S.; Cuppen, E.; van der Ent, C.K.;
et al. Functional Repair of CFTR by CRISPR/Cas9 in Intestinal Stem Cell Organoids of Cystic Fibrosis Patients. Cell Stem Cell
2013, 13, 653–658. [CrossRef]

14. Taguchi, A.; Kaku, Y.; Ohmori, T.; Sharmin, S.; Ogawa, M.; Sasaki, H.; Nishinakamura, R. Redefining the In Vivo Origin of
Metanephric Nephron Progenitors Enables Generation of Complex Kidney Structures from Pluripotent Stem Cells. Cell Stem Cell
2014, 14, 53–67. [CrossRef]

15. Brown, M.T. The Moral Status of the Human Embryo. J. Med. Philos. 2018, 43, 132–158. [CrossRef] [PubMed]
16. Matthews, K.R.; Moralí, D. National human embryo and embryoid research policies: A survey of 22 top research-intensive

countries. Regen. Med. 2020, 15, 1905–1917. [CrossRef]

http://doi.org/10.1007/s00109-017-1531-7
http://www.ncbi.nlm.nih.gov/pubmed/28391362
http://doi.org/10.1038/ncb3312
http://doi.org/10.1126/science.1247125
https://clinicaltrials.gov/ct2/results?cond=&term=organoid&cntry=&state=&city=&dist
http://doi.org/10.1038/s41580-020-0259-3
http://www.ncbi.nlm.nih.gov/pubmed/32636524
http://doi.org/10.1038/nm.3201
http://doi.org/10.1038/ncb2872
http://doi.org/10.1016/j.stem.2016.04.014
http://doi.org/10.1038/nature12517
http://doi.org/10.1038/s41576-018-0051-9
http://www.ncbi.nlm.nih.gov/pubmed/30228295
http://doi.org/10.1073/pnas.1512590113
http://doi.org/10.1016/j.stem.2013.11.002
http://doi.org/10.1016/j.stem.2013.11.010
http://doi.org/10.1093/jmp/jhx035
http://www.ncbi.nlm.nih.gov/pubmed/29546412
http://doi.org/10.2217/rme-2019-0138


BioTech 2021, 10, 12 18 of 19

17. Eiraku, M.; Takata, N.; Ishibashi, H.; Kawada, M.; Sakakura, E.; Okuda, S.; Sekiguchi, K.; Adachi, T.; Sasai, Y. Self-organizing
optic-cup morphogenesis in three-dimensional culture. Nature 2011, 472, 51–56. [CrossRef]

18. Sato, T.; Vries, R.G.; Snippert, H.J.; Van De Wetering, M.; Barker, N.; Stange, D.E.; Van Es, J.H.; Abo, A.; Kujala, P.; Peters, P.J.; et al.
Single Lgr5 stem cells build crypt-villus structures in vitro without a mesenchymal niche. Nature 2009, 459, 262–265. [CrossRef]

19. Denker, H.-W. Self-Organization of Stem Cell Colonies and of Early Mammalian Embryos: Recent Experiments Shed New Light
on the Role of Autonomy vs. External Instructions in Basic Body Plan Development. Cells 2016, 5, 39. [CrossRef]

20. Simunovic, M.; Brivanlou, A.H. Embryoids, organoids and gastruloids: New approaches to understanding embryogenesis.
Development 2017, 144, 976–985. [CrossRef] [PubMed]

21. Pera, M.F.; De Wert, G.; Dondorp, W.; Lovell-Badge, R.; Mummery, C.; Munsie, M.; Tam, P.P. What if stem cells turn into embryos
in a dish? Nat. Methods 2015, 12, 917–919. [CrossRef] [PubMed]

22. Hyun, I.; Munsie, M.; Pera, M.F.; Rivron, N.C.; Rossant, J. Toward Guidelines for Research on Human Embryo Models Formed
from Stem Cells. Stem Cell Rep. 2020, 14, 169–174. [CrossRef] [PubMed]

23. Lavazza, A. Human cerebral organoids and consciousness: A double-edged sword. Monash Bioeth. Rev. 2020, 38, 105–128.
[CrossRef] [PubMed]

24. Lavazza, A.; Massimini, M. Cerebral organoids: Ethical issues and consciousness assessment. J. Med. Ethic 2018, 44, 606–610.
[CrossRef]

25. Trujillo, C.A.; Gao, R.; Negraes, P.D.; Gu, J.; Buchanan, J.; Preissl, S.; Wang, A.; Wu, W.; Haddad, G.G.; Chaim, I.A.; et al. Complex
Oscillatory Waves Emerging from Cortical Organoids Model Early Human Brain Network Development. Cell Stem Cell 2019, 25,
558–569.e7. [CrossRef] [PubMed]

26. Sakib, S.; Voigt, A.; Goldsmith, T.; Dobrinski, I. Three-dimensional testicular organoids as novel in vitro models of testicular
biology and toxicology. Environ. Epigenet. 2019, 5, dvz011. [CrossRef]

27. Heidari-Khoei, H.; Esfandiari, F.; Hajari, M.A.; Ghorbaninejad, Z.; Piryaei, A.; Baharvand, H. Organoid technology in female
reproductive biomedicine. Reprod. Biol. Endocrinol. 2020, 18, 64. [CrossRef]

28. Achberger, K.; Probst, C.; Haderspeck, J.; Bolz, S.; Rogal, J.; Chuchuy, J.; Nikolova, M.; Cora, V.; Antkowiak, L.; Haq, W.; et al.
Merging organoid and organ-on-a-chip technology to generate complex multi-layer tissue models in a human retina-on-a-chip
platform. eLife 2019, 8, e46188. [CrossRef]

29. Skardal, A.; Murphy, S.V.; Devarasetty, M.; Mead, I.; Kang, H.-W.; Seol, Y.-J.; Zhang, Y.S.; Shin, S.-R.; Zhao, L.; Aleman, J.; et al.
Multi-tissue interactions in an integrated three-tissue organ-on-a-chip platform. Sci. Rep. 2017, 7, 8837. [CrossRef]

30. Xiang, Y.; Tanaka, Y.; Cakir, B.; Patterson, B.; Kim, K.-Y.; Sun, P.; Kang, Y.-J.; Zhong, M.; Liu, X.; Patra, P.; et al. hESC-Derived
Thalamic Organoids Form Reciprocal Projections When Fused with Cortical Organoids. Cell Stem Cell 2019, 24, 487–497.e7.
[CrossRef]

31. Miranda, C.C.; Fernandes, T.G.; Diogo, M.M.; Cabral, J.M.S. Towards Multi-Organoid Systems for Drug Screening Applications.
Bioeineering 2018, 5, 49. [CrossRef]

32. Munsie, M.; Hyun, I.; Sugarman, J. Ethical issues in human organoid and gastruloid research. Development 2017, 144, 942–945.
[CrossRef]

33. Driehuis, E.; Clevers, H. CRISPR/Cas 9 genome editing and its applications in organoids. Am. J. Physiol. Liver Physiol. 2017, 312,
G257–G265. [CrossRef] [PubMed]

34. Hendriks, D.; Clevers, H.; Artegiani, B. CRISPR-Cas Tools and Their Application in Genetic Engineering of Human Stem Cells
and Organoids. Cell Stem Cell 2020, 27, 705–731. [CrossRef]

35. Lavazza, A. What (or sometimes who) are organoids? And whose are they? J. Med. Ethic 2018, 45, 144–145. [CrossRef]
36. The European Parliament and the Council of the European Union. Directive 2010/63/EU of the European Parliament and of

the Council of 22 September 2010 on the Protection of Animals Used for Scientific Purposes. Off. J. Eur. Union 2010, 276, 33–79.
Available online: https://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2010:276:0033:0079:EN:PDF (accessed on 8
April 2021).

37. Mansour, A.A.; Gonçalves, J.T.; Bloyd, C.W.; Li, H.; Fernandes, S.; Quang, D.; Johnston, S.; Parylak, S.L.; Jin, X.; Gage, F.H. An
in vivo model of functional and vascularized human brain organoids. Nat. Biotechnol. 2018, 36, 432–441. [CrossRef] [PubMed]

38. Han, X.; Chen, M.; Wang, F.; Windrem, M.; Wang, S.; Shanz, S.; Xu, Q.; Oberheim, N.A.; Bekar, L.; Betstadt, S.; et al. Forebrain
Engraftment by Human Glial Progenitor Cells Enhances Synaptic Plasticity and Learning in Adult Mice. Cell Stem Cell 2013, 12,
342–353. [CrossRef]

39. Liu, Y.; Dabrowska, C.; Mavousian, A.; Strauss, B.; Meng, F.; Mazzaglia, C.; Ouaras, K.; Macintosh, C.; Terentjev, E.; Lee, J.; et al.
Bio-assembling Macro-Scale, Lumenized Airway Tubes of Defined Shape via Multi-Organoid Patterning and Fusion. Adv. Sci.
2021, 8, 2003332. [CrossRef]

40. E Henderson, G.; Churchill, L.R.; Davis, A.M.; Easter, M.M.; Grady, C.; Joffe, S.; Kass, N.; King, N.M.P.; Lidz, C.W.; Miller, F.G.;
et al. Clinical Trials and Medical Care: Defining the Therapeutic Misconception. PLoS Med. 2007, 4, e324. [CrossRef] [PubMed]

41. Schneemann, S.A.; Boers, S.N.; Van Delden, J.J.M.; Nieuwenhuis, E.E.S.; Fuchs, S.A.; Bredenoord, A.L. Ethical challenges for
pediatric liver organoid transplantation. Sci. Transl. Med. 2020, 12, eaau8471. [CrossRef]

42. Loike, J.D.; Pollack, R. Develop Organoids; Not Chimeras; for Transplantation. The Scientist. Available online: https://
www.the-scientist.com/news-opinion/opinion--develop-organoids--not-chimeras--for-transplantation-66339 (accessed on
18 March 2021).

http://doi.org/10.1038/nature09941
http://doi.org/10.1038/nature07935
http://doi.org/10.3390/cells5040039
http://doi.org/10.1242/dev.143529
http://www.ncbi.nlm.nih.gov/pubmed/28292844
http://doi.org/10.1038/nmeth.3586
http://www.ncbi.nlm.nih.gov/pubmed/26418764
http://doi.org/10.1016/j.stemcr.2019.12.008
http://www.ncbi.nlm.nih.gov/pubmed/31951813
http://doi.org/10.1007/s40592-020-00116-y
http://www.ncbi.nlm.nih.gov/pubmed/32895775
http://doi.org/10.1136/medethics-2017-104555
http://doi.org/10.1016/j.stem.2019.08.002
http://www.ncbi.nlm.nih.gov/pubmed/31474560
http://doi.org/10.1093/eep/dvz011
http://doi.org/10.1186/s12958-020-00621-z
http://doi.org/10.7554/eLife.46188
http://doi.org/10.1038/s41598-017-08879-x
http://doi.org/10.1016/j.stem.2018.12.015
http://doi.org/10.3390/bioengineering5030049
http://doi.org/10.1242/dev.140111
http://doi.org/10.1152/ajpgi.00410.2016
http://www.ncbi.nlm.nih.gov/pubmed/28126704
http://doi.org/10.1016/j.stem.2020.10.014
http://doi.org/10.1136/medethics-2018-105268
https://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2010:276:0033:0079:EN:PDF
http://doi.org/10.1038/nbt.4127
http://www.ncbi.nlm.nih.gov/pubmed/29658944
http://doi.org/10.1016/j.stem.2012.12.015
http://doi.org/10.1002/advs.202003332
http://doi.org/10.1371/journal.pmed.0040324
http://www.ncbi.nlm.nih.gov/pubmed/18044980
http://doi.org/10.1126/scitranslmed.aau8471
https://www.the-scientist.com/news-opinion/opinion--develop-organoids--not-chimeras--for-transplantation-66339
https://www.the-scientist.com/news-opinion/opinion--develop-organoids--not-chimeras--for-transplantation-66339


BioTech 2021, 10, 12 19 of 19

43. Boers, S.N.; Van Delden, J.J.M.; Bredenoord, A.L. Organoids as hybrids: Ethical implications for the exchange of human tissues.
J. Med. Ethic 2019, 45, 131–139. [CrossRef]

44. Lenk, C.; Beier, K. Is the commercialisation of human tissue and body material forbidden in the countries of the European Union?
J. Med. Ethic 2012, 38, 342–346. [CrossRef] [PubMed]

45. Smadar, C.; Dvir-Ginzberg, M. Recent patents in organoids. Nat. Biotechnol. 2016, 34, 619. [CrossRef]
46. CURIA, Judgment of the Court (Grand Chamber) of 18 October 2011. Oliver Brüstle v Greenpeace eV. The Courts of Justice of the

European Union. Available online: https://curia.europa.eu/juris/liste.jsf?language=en&num=C-34/10 (accessed on 24 March
2021).

47. CURIA, Judgment of the Court (Grand Chamber) of 18 December 2014. The Courts of Justice of the European Union. Available
online: https://curia.europa.eu/juris/document/document.jsf?docid=160936&text=&dir=&doclang=EN&part=1&occ=first&
mode=lst&pageIndex=0&cid=176842 (accessed on 24 March 2021).

48. Gonçalves, E. Advanced therapy medicinal products: Value judgement and ethical evaluation in health technology assessment.
Eur. J. Health Econ. 2020, 21, 311–320. [CrossRef] [PubMed]

49. Huang, C.-Y.; Liu, C.-L.; Ting, C.-Y.; Chiu, Y.-T.; Cheng, Y.-C.; Nicholson, M.W.; Hsieh, P.C.H. Human iPSC banking: Barriers and
opportunities. J. Biomed. Sci. 2019, 26, 87. [CrossRef]

50. Rinaldi, T.; Colotti, G. Use of organoids in medicinal chemistry: Challenges on ethics and biosecurity. Future Med. Chem. 2019, 11,
1087–1090. [CrossRef] [PubMed]

51. Drost, J.; Clevers, H. Organoids in cancer research. Nat. Rev. Cancer 2018, 18, 407–418. [CrossRef]
52. Calandrini, C.; Schutgens, F.; Oka, R.; Margaritis, T.; Candelli, T.; Mathijsen, L.; Ammerlaan, C.; Van Ineveld, R.L.; Derakhshan,

S.; De Haan, S.; et al. An organoid biobank for childhood kidney cancers that captures disease and tissue heterogeneity. Nat.
Commun. 2020, 11, 1310. [CrossRef]

53. Human Cancer Models Initiative. Available online: https://ocg.cancer.gov/programs/HCMI (accessed on 29 March 2021).
54. Lensink, M.A.; Boers, S.N.; Jongsma, K.R.; Carter, S.E.; van der Ent, C.K.; Bredenoord, A.L. Organoids for personalized treatment

of Cystic Fibrosis: Professional perspectives on the ethics and governance of organoid biobanking. J. Cyst. Fibros. 2021, 20,
443–451. [CrossRef]

55. Organisation for Economic Co-Operation and Development. Guidelines on Human Biobanks and Genetic Research Database 2009.
Available online: http://www.oecd.org/sti/emerging-tech/guidelines-for-human-biobanks-and-genetic-research-databases.
htm (accessed on 8 April 2021).

56. Daley, G.Q.; Hyun, I.; Apperley, J.F.; Barker, R.A.; Benvenisty, N.; Bredenoord, A.L.; Breuer, C.K.; Caulfield, T.; Cedars, M.I.;
Frey-Vasconcells, J.; et al. Setting Global Standards for Stem Cell Research and Clinical Translation: The 2016 ISSCR Guidelines.
Stem Cell Rep. 2016, 6, 787–797. [CrossRef]

http://doi.org/10.1136/medethics-2018-104846
http://doi.org/10.1136/jme.2010.038760
http://www.ncbi.nlm.nih.gov/pubmed/21697294
http://doi.org/10.1038/nbt.3618
https://curia.europa.eu/juris/liste.jsf?language=en&num=C-34/10
https://curia.europa.eu/juris/document/document.jsf?docid=160936&text=&dir=&doclang=EN&part=1&occ=first&mode=lst&pageIndex=0&cid=176842
https://curia.europa.eu/juris/document/document.jsf?docid=160936&text=&dir=&doclang=EN&part=1&occ=first&mode=lst&pageIndex=0&cid=176842
http://doi.org/10.1007/s10198-019-01147-x
http://www.ncbi.nlm.nih.gov/pubmed/31919703
http://doi.org/10.1186/s12929-019-0578-x
http://doi.org/10.4155/fmc-2018-0341
http://www.ncbi.nlm.nih.gov/pubmed/31280671
http://doi.org/10.1038/s41568-018-0007-6
http://doi.org/10.1038/s41467-020-15155-6
https://ocg.cancer.gov/programs/HCMI
http://doi.org/10.1016/j.jcf.2020.11.015
http://www.oecd.org/sti/emerging-tech/guidelines-for-human-biobanks-and-genetic-research-databases.htm
http://www.oecd.org/sti/emerging-tech/guidelines-for-human-biobanks-and-genetic-research-databases.htm
http://doi.org/10.1016/j.stemcr.2016.05.001

	Introduction 
	The Promises of Organoid Technology 
	Alternatives for Drug Testing in Animals 
	Disease Modelling 
	Living Biobanks 
	Precision Medicine 
	Regenerative Medicine 
	Models of Organ Development 
	Transplantation 

	Ethical Challenges in Organoid Use 
	Source of Stem Cells 
	Informed Consent of Cell Donors 
	Issues Specific to Embryoids 
	Issues Specific to Brain Organoids 
	Issues Specific to Gonadal Organoids 
	Issues Specific to Multi-Organoid Complexes 
	Gene Editing 
	Creation of Chimeras 
	Organoid Transplantation 
	Commercialization of Organoids 
	Patentability of Organoids 
	The Cost of Treatments and Issues of Equity 
	Misuse and Dual Use Issues of Organoids 
	Organoid Biobanking 

	Concluding Remarks 
	References

