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ABSTRACT 

The aim of this White Paper is to establish a foundational framework for research, technological development, and regulation in the 
emerging field of stem cell-based embryo models (SCBEMs). These models, generated from Pluripotent Stem Cells, are designed to re
capitulate essential events in early stages of human development. They have the potential to illuminate the early stages of embryo 
development and implantation and hold promise as an avenue to address global health challenges, including infertility and preg
nancy loss, congenital, neonatal and adult conditions, and the need for organ transplants. While SCBEMs are not a substitute for hu
man embryos, their tractability for large-scale analysis and their abilities to model the earliest stages of embryonic development sug
gest that they will have a significant impact on reproductive biology and regenerative medicine. But SCBEMs do not just raise novel 
scientific questions; they pose ethical and legal questions that need to be addressed. The paper stems from a meeting of a core group 
of researchers that met at the Institut Pasteur in Paris in November 2024 and represents the views of an extended group that has 
worked to elaborate the documents as a consensus for the field. Here, we provide a framework to guide research in this new field. 
We do this by summarizing the state of the science, assessing current SCBEM research in relation to its primary future applications 
and addressing the need for continued ethical and regulatory oversight associated with this new field.

Keywords: human embryos / SCBEMs / in vitro fertilization / implantation / blastocyst / gastrulation / ethics / pluripotent stem cells / 
embryogenesis / gametes 

The need for research on embryonic 
development
The earliest stages of human development, from the first cell 
divisions to implantation (see Table 1) in the uterine lining and 
the establishment of the body plan (see Table 1) through gastru
lation (see Table 1), are crucial for a successful pregnancy and 
the long-term health of the newborn. This is also a fragile period. 
Many people struggle to become pregnant, with infertility affect
ing around 15% of couples worldwide, an estimated total of 48 
million couples (The Lancet Global Health, 2022). Although suc
cess rates for ART are improving, they are only around 30–35% 
(Wade et al., 2015; Human Fertilisation and Embryology 
Authority UK, 2025). Furthermore, only about a third of fertilized 
eggs progress beyond the third week of development (Wilcox 
et al., 2001; Larsen et al., 2013; Li et al., 2015), and �3% of newborn 
babies have congenital conditions, which prove lethal for 17/1000 
infants (Li et al., 2025); conditions include cardiovascular and 
metabolic disorders, limb abnormalities, and sensory depriva
tion. In addition, several serious complications in pregnancy, 
such as pre-eclampsia (Jung et al., 2022) and foetal growth restric
tion (Burton et al., 2016), are thought to have their origins in 
events that occur during the first 3 weeks of embryonic develop
ment (Smith, 2010). The incidence of these disorders is rising 
globally (Bai et al., 2024). These health challenges and others un
derscore the pressing need to advance understanding of human 
reproductive biology and embryology.

The development of IVF in the 1970s included methods to ex
tract, mature, and fertilize oocytes and, crucially, to culture em
bryos (see Table 1) ex vivo until the blastocyst (see Table 1) stage 
(Steptoe et al., 1971).

IVF opened up the opportunity to study the earliest stages of 
human development in the laboratory (Hopwood, 2024), including 
gastrulation, the stage in development when the epiblast (see 

Table 1), an epithelium that results from the cleavage and growth 
of the embryonic component of the blastocyst, generates the out
line of the organism (Stern, 2004). In humans, the process com
mences around Day 14 after fertilization and is completed a week 
later (Ghimire et al., 2021; O’Rahilly et al., 1981). Gastrulation is a 
complex process tightly associated with the emergence of the 
primitive streak (see Table 1), a groove that outlines the main 
body axis of the organism. It involves a suite of organized cell 
movements and the orderly emergence of the primordia for the 
different tissues and organs along the anterior to posterior axis.

Although embryo attrition happens principally before or at im
plantation, many congenital anomalies have their origins during 
gastrulation (Moore et al., 2020; Abas et al., 2022) as this process 
involves a complex interplay between elements of the three germ 
layers, shaping the emergence of tissues and organs. The cardiac 
system, for example, requires a large number of spatial and tem
poral interactions between different cell populations and thus is 
particularly prone to undergo errors that will lead to structural 
abnormalities (Wu et al., 2020; Xu et al., 2025); between 0.8 and 1% 
of newborns exhibit congenital cardiovascular disorders. 
Gastrulation is also a period during which the developing embryo 
is most sensitive to teratogens and toxins and sensitive to lifestyle 
factors (Sadler, 2017). Presently, research on the impact of these 
substances relies on a variety of mainly non-human animal systems 
(Alves-Pimenta et al., 2024). Therefore, experimental models of hu
man embryonic development are needed to reflect more accurately 
human-specific biological processes and responses.

Currently, studies on the early stages of human development, 
along with research focused on improving the success of IVF and 
related ART, rely on access to donated human embryos from fer
tility clinics. The supply of such embryos is limited and subject to 
ethical and legal constraints. In several countries, research on 
human embryos is prohibited altogether, while in many others, 
research is limited by the 14-day rule (Warnock, 1984; Franklin, 
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2019). First proposed in 1979 by the United States Department of 
Health, Education and Welfare in response to the development of 
IVF, it was articulated in its most familiar form in 1984 by the 
Warnock committee in the UK (Wallace, 2017). The 14-day rule 
prohibits the culture of a human embryo beyond Day 14 of devel
opment or the appearance of the primitive streak, a sign of gas
trulation. These markers are often taken to indicate the 
beginning of an individual to a degree that merits legal protec
tion. The rule has been widely adopted, including in law in many 
countries, for example, in the UK’s Human Fertilisation and 
Embryology Act 1990 (Franklin, 2019).

Recently, new culture systems have enabled in vitro develop
ment of human blastocysts to Day 14 (Deglincerti et al., 2016; 
Shahbazi et al., 2016) and of non-human primates (NHPs) beyond 
the gastrulation stage (Gong et al., 2023; Zhai et al., 2023). These 
advances have led some researchers, advocacy groups, ethicists, 
and lawyers to argue for extending the 14-day rule to enable re
search on the establishment of the body plan and early organo
genesis (Hyun et al., 2016; Pera, 2017). As a result of these calls, 
several jurisdictions are considering changes to their law or 

policy in this area. A committee appointed by the Dutch Health 
Council, for example, has recommended allowing supervised re
search on human embryos beyond 14 days on the basis of ‘the 
valuable information to be obtained from embryo research’ 
(M’Hamdi and de Wert, 2024) and the Nuffield Council of 
Bioethics in the UK is also considering an extension (Nuffield 
Council on Bioethics, 2017). While it is not yet clear whether 
this recommendation will be implemented by the Dutch govern
ment, support for changing the 14-day rule is rising in
ternationally.

Pluripotent stem cell-based models and 
their advantages for studies of early human 
development
Notwithstanding developments in the culture of embryos beyond 
the blastocyst stage in the lab and the potential extension of the 
14-day rule, continued reliance on surplus ART embryos for stud
ies of early development has inherent shortcomings, and there is 
close to no access to embryos at implantation and peri- 

Table 1. Definitions of terms used in the text.

Blastoid, a stem cell-derived structure that resembles a blastocyst in morphology and gene expression but is generated in vitro from PSCs 
rather than through fertilization, parthenogenesis, or somatic cell nuclear transfer.

Blastocyst, a pre-implantation-stage embryo formed around 5–6 days after fertilization in humans. It is characterized by a fluid-filled cavity 
(blastocoel), an outer layer of trophectoderm cells (which contribute to the placenta), and an inner cell mass comprised of epiblast and 
hypoblast cells (which give rise to the embryo proper and to extraembryonic membranes of the conceptus, respectively). In humans, a 
blastocyst represents the last early embryonic developmental stage that is still competent to implant in utero upon embryo transfer.

Body plan refers to the basic layout or blueprint of an organism’s structure, established during embryonic development (largely through 
gastrulation and subsequent events), including axes (anterior–posterior, dorsal–ventral) that serve as a reference to organize the primor
dia of the different tissues and organs.

Conceptus refers to the ensemble of the embryonic and extraembryonic cells and tissues.
Embryo refers to the early developmental stages of a multicellular organism following the fertilization of an egg or an equivalent process 

such as Somatic Cell Nuclear Transfer (SCNT).
Embryonic stem cells (ESC) are a type of stem cell originally derived from the inner cell mass of a mammalian blastocyst that can prolifer

ate indefinitely in culture and retain the ability to specialize into all cell lineages of the body. There are two types of ESCs: naive and 
primed ESCs. Naive ESCs can give rise to the three lineages that configure the blastocyst, whereas primed ESCs are pluripotent. Under 
special culture conditions, human embryonic stem cells (ESC) can also produce extraembryonic cell types including trophoblast cells.

Endometrium, a membrane that lines up the uterus that thickens during the menstrual cycle and provides the cellular elements for the 
implantation of the blastocyst.

Epiblast, the layer of cells in an embryo that results from further development of the inner cell mass of the blastocyst during implantation. 
During gastrulation, the epiblast gives rise to the amniotic membrane as well as to the three germ layers (ectoderm, mesoderm and en
doderm) that represent the groups of cells of origin for the different tissues and organs and the amnion.

Extraembryonic layers are multicellular elements that do not contribute to the embryo. They include two lineages that are segregated 
prior to implantation and that are integrated in the blastocyst: the trophectoderm that will form the bulk of the placenta, and the 
Primitive Endoderm, that will form the yolk sac and play a role in the early patterning of the epiblast. A third extraembryonic tissue is 
the amnion that having an origin in the embryonic tissue, does not contribute to the embryo but forms a protective wrapping to maintain 
the embryo in a liquid environment.

Gastrulation, a fundamental process in early embryonic development whereby the epiblast acquires a coordinated system of spatial orga
nization as it develops the three primary germ layers: ectoderm, mesoderm, and endoderm. In humans, this process occurs approxi
mately between Days 14 and 21 post-fertilization, marking a key transition in the elaboration of the body plan. It is characterized by the 
presence of a primitive streak.

Gastruloid, an in vitro structure derived from PSCs that simulates certain aspects of gastrulation (e.g. symmetry breaking and germ-layer 
patterning) and contains derivatives of more than one germ layer. It lacks extraembryonic tissues and does not give rise to a complete 
embryo, Now, gastruloids cover a developmental period from the beginning of gastrulation, Day 14, to the start of somitogenesis, Day 21.

Implantation, in humans, it refers the process whereby the blastocyst attaches and invades the endometrium to establish a connection 
with maternal tissues that will sustain the development of the embryo and the foetus.

In vitro gametogenesis is the generation of functional gametes in vitro from PSCs.
Induced pluripotent stem cells are a type of PSC generated by reprogramming adult somatic cells (e.g. skin fibroblasts) to a pluripotent 

state, often through the expression of defined transcription factors, or through defined exogenously added molecules.
Pluripotent stem cells are any stem cell (embryonic or induced) with the capacity to differentiate into all cell types of the adult organism.
Primitive streak, a furrow that appears at the posterior midline of the epiblast and marks the start of gastrulation. It is a dynamic structure 

that outlines the anterior–posterior axis of the embryo and is the seed of all cell types except for the brain. Its formation is a landmark 
associated with the ‘14 day rule’ which, in many countries, signals the current limit for the culture of human embryos in vitro.

Stem cell-based embryo models are an organized, 3-dimensional structure derived wholly or primarily from PSCs that aims to replicate 
features of embryonic development. Depending on the conditions and cell types used to create SCBEM, they can adopt a wide range of 
forms that aim to model different stages of embryonic development. Common examples of SCBEMs include blastoids and gastruloids.

Totipotent stem cells are an embryonic stem cell with the capacity to give rise to an organism. However, recently the term is being used to 
refer to a cell gives rise to the three lineages of a blastocyst.

Zygote is the single cell formed immediately upon fertilization of the egg by the sperm. A zygote has the potential to give rise to an embryo.
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gastrulation stages (Rugg-Gunn et al., 2023). Furthermore, given 
the high rate of attrition during the first 2 weeks of development, 
it is difficult to assess whether observed abnormalities of post- 
implantation development in vitro are intrinsic to the embryo, 
the quality of the zygote (see Table 1), or caused by the experi
mental procedure. Our limited knowledge of the gene and cell 
regulatory networks underlying the early stages of human devel
opment, blastocyst formation, and implantation adds to the 
uncertainties raised by these studies.

Although NHPs provide useful alternative models that can be 
used as a reference for human development, there are key differ
ences between humans and these species in how embryos im
plant and the timing of embryo development (Siriwardena and 
Boroviak, 2022). This means that significant developmental 
events need to be studied in human embryos, where research is 
legally restricted. Taking these limitations into consideration, re
cent developments in the uses of Pluripotent Stem Cells (PSCs) 
offer an alternative for the study of the early stages of human 
development.

Derived either from pre-implantation embryos (Embryonic 
Stem Cells, ESCs; see Table 1) or from adult cells reprogrammed 
into a pluripotent state (induced Pluripotent Stem Cells, iPSCs; 
see Table 1), PSCs can self-renew indefinitely in vitro while retain
ing the ability to differentiate into all cell types of the organism 
(Wang and Wu, 2022; Smith, 2024). In adherent culture, both 
PSCs and iPSCs can be steered to form specific cell types that, in 
some instances, can be used in clinical applications. Over the last 
few years, several cell types have been developed in this manner 
that are undergoing clinical trials in regenerative medicine 
(Kirkeby et al., 2025).

The ability to differentiate PSCs in vitro into different cell types 
paved the way for studies leading to the establishment of models 
of early embryonic development (Shahbazi et al., 2019; Fu et al., 
2021) dubbed stem cell-based embryo models (SCBEMs; see 
Table 1) (Martinez Arias et al., 2024). These models represent vari
ous stages of embryonic development, ranging from pre- 
implantation to early post-implantation periods, including peri- 
gastrulation stages.

Human SCBEMs have significant differences from embryos 
but also several research advantages over human embryos. It is 
possible to generate them in large numbers, allowing screens 
that are not possible with the current supply of IVF embryos. In 
addition, human SCBEMs created using iPSCs derived from the 
cells of patients with specific diseases or genetic conditions open 
opportunities for disease modelling and, in the long term, regen
erative medicine.

The need for a SCBEM framework
In response to the development of SCBEMs and the questions 
they raise, we convened a working group that met in person at 
the Institut Pasteur, Paris (France), in November 2024 and later 
several times online, including people who could not attend the 
in-person meeting. This paper summarizes the discussions of the 
extended working group and provides a framework to guide re
search in this new field. It is organized into three key sections:

� SCBEMs state of the science and the need for standards— 
outlining the urgent biological and clinical questions that 
SCBEMs may help to answer and establishing the imperative 
for standardization. 

� Emergent technologies and applications—highlighting the 
latest methods used to create and use SCBEMs. 

� Ethical and legal considerations in SCBEM research—detail
ing the evolving ethical debate around SCBEMs and the regu
latory frameworks needed to guide their use, and proposing 
strategies to enhance transparency, public understanding, 
and trust in SCBEM research. 

It is important to acknowledge that while SCBEMs usher in a new 
area of research at the interface of reproductive and develop
mental biology, their aim is not to replace research with human 
embryos altogether. Instead, SCBEM research expands experi
mental horizons and possibilities to a degree that is not possible 
with human embryos. The substantial potential of these models 
can only be explored and developed with dedicated funding 
support and transdisciplinary collaboration. In providing this 
framework, we aim to stimulate these interactions through 
thoughtful research and responsible innovation, accelerating 
progress for the benefit of patients, families, and global pub
lic health.

SCBEM: the state of the science and the need 
for standards
The development of SCBEMs stems from research on the self- 
organizing properties of multipotent and pluripotent stem cells 
(see Table 1), which allow the creation of organ models with min
imal external inputs, e.g. intestinal and brain organoids (Sasai 
et al., 2012; Sasai, 2013; Kim et al., 2020). In contrast with these 
structures that represent defined differentiation paths leading to 
specific tissues or organs, SCBEMs mimic the whole or large parts 
of the embryo (Shahbazi, Siggia and Zernicka-Goetz, 2019; Fu 
et al., 2021; Turner and Martinez Arias, 2024) (Fig. 1).

At one end of the spectrum, research over the last few years 
with mouse PSCs and totipotent stem cells (TPSCs) (see Table 1) 
has yielded SCBEMs that mimic the development of a mouse em
bryo beyond gastrulation, up to an equivalent of 8.5 days from 
fertilization. These SCBEMs, albeit structurally defective, display 
beating primitive hearts and brain rudiments (Amadei et al., 
2022; Tarazi et al., 2022; Li et al., 2025; Yilmaz et al., 2025). 
Nevertheless, these studies have revealed the remarkable poten
tial of mouse PSCs and TPSCs. So far, similar work with human 
PSCs and TPSCs has not yielded structures beyond the earliest 
stages of gastrulation, Day 14 post fertilization, and those struc
tures that emerge, do so at low frequencies and with variable 
morphology (Oldak et al., 2023; Chen et al., 2025). There are 
reports of human blastoids (see Table 1) being used as a starting 
point to trigger the development of a complete human embryo 
model, but the result, while containing features of a post- 
gastrulation embryo, is so far not comparable to the structures 
obtained in mouse models (Karvas et al., 2023; Liu et al., 2023; 
Oura et al., 2025). However, a recent report shows that monkey 
blastoids can be used to mimic gastrulation, though not organo
genesis (Li et al., 2026). This suggests that in the future it might be 
possible to obtain similar structures with human PSCs. Such de
velopment would undoubtedly pose some ethical questions that 
need to be considered now.

In contrast with structures that display a complete body plan, 
the generation of human blastoids and gastruloids (see Table 1) 
is robust. Together, these SCBEMs span the first 4 weeks of the 
life of a human embryo. In the case of the pre-implantation pe
riod, research output on these structures has accelerated dra
matically. Since the first reports of the development of a human 
blastoid, a number of peer-reviewed SCBEM protocols have been 
described (Liu et al., 2021; Yanagida et al., 2021; Yu et al., 2021; 
Kagawa et al., 2022). These blastoids reliably reconstruct all three 
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blastocyst lineages with appropriate tissue-specific gene-expres
sion patterns, albeit with a paucity of hypoblast cells in all cases.

Moving into the peri-gastrulation window, micro-patterned 
2D colonies (Heemskerk and Warmflash, 2016) and 3D suspen
sion gastruloids (Martinez Arias et al., 2022) diverge sharply in ax
ial patterning. The former generates concentric germ-layer rings 
driven by gradients of signalling molecules. The latter break sym
metry, extend a primitive-streak-like axis with little external in
tervention, and reconstruct axial organization with some 
associated derivatives, such as somites and a primitive heart.

This section summarizes the current situation in the field 
and highlights the steps needed to advance the field. We also 
survey the technical challenges the field faces and make rec
ommendations to build a more harmonized and effective re
search ecosystem.

Diversity of SCBEM protocols and 
developmental coverage
Recognition of the self-organizing abilities of PSCs and TPSCs has 
led to the development of the broad palette of SCBEMs outlined 
above. These structures are assembled from naïve, primed PSCs 
or, more recently, TPSCs corresponding to morulae stages. Each 
has its own characteristics, but all have been shown to be very 
sensitive to the initial state and culture conditions of the starting 
cell population. A clear example of the importance of the initial 
state of the PSCs and TPSCs for their appropriate differentiation 
has been provided by experiments aimed at obtaining a chimeric 
cynomolgus monkey PSCs (Cao et al., 2023). The pluripotency of 
human and the closely related NHP cells is generally tested in 
teratoma assays rather than in the gold-standard chimeric 
mouse assays (International Stem Cell Initiative, 2018). An excep
tion is a recent study of chimerism with NHP (Cao et al., 2023). 
This work has shown that not all PSC starting populations have 
the same potential to be incorporated into a chimeric embryo or 
animal; culture conditions, passage number, origin of starting 
cells, and the reagents used in the pluripotency state crucially 
determine their potential to form chimeras. This experiment 
highlights significant challenges and bottlenecks for human 

SCBEM research that are reinforced by some experiments in the 
field (Oldak et al., 2023; Li et al., 2025; Yilmaz et al., 2025) and that 
need to be addressed.

Collectively, SCBEM protocols vary in their cellular origin 
(naïve vs lineage-primed PSC or TPSCs), culture methodology, ag
gregate size and surrounding geometry (U-bottom plates, 
AggreWell, stirred bioreactors), combinations of signalling mole
cules, matrix composition (Matrigel, Geltrex, laminin-521, or fully 
synthetic hydrogels), and external biomechanics (static, rocker, 
microfluidic perfusion). Such heterogeneity drives marked differ
ences in the structural complexity of the SCBEM. Differences in 
germ-layer organization and proportions, polarity, growth, and 
developmental tempo make direct comparison challenging.

Presently, this diversity in SCBEM protocols often leads to vari
ability in results across labs and difficulties in cross-referencing, 
which make it difficult to identify the source of divergent out
comes in the final structure. An important source of variability is 
differences between and within cell lines, reagents, and even 
operators. This is true even in the most robust models (e.g. blas
toids and gastruloids) and becomes a challenge when dealing 
with many of the peri-implantation and peri-gastrulation 
models.

To make progress with SCBEMs, it is therefore essential to de
velop benchmarking through assays that allow categorization 
and selection of specific models. Both a general improvement 
and promulgation of standards for specific classes of models will 
be required (Martinez Arias et al., 2024). In the case of blastoids, 
for example, a reference has been established through a compu
tational analysis that compares the different models with human 
IVF blastocysts in terms of gene expression and lineage represen
tation (Zhao et al., 2025). Similar studies are being promoted with 
gastruloids (Balayo et al., 2025).

While SCBEMs have expanded our capacity to emulate the 
early stages of embryonic development, the field increasingly 
recognizes that technological sophistication alone does not guar
antee interpretability. Notably, the International Society for Stem 
Cell Research (ISSCR)’s updated guidelines (Clark et al., 2025) call 
for delineating anchor points in embryo-like cultures that align 

Figure 1. Stem cell-based embryo models reflect different stages of human development.
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with known in vivo developmental events, such as blastocyst cav
ity formation or the onset of gastrulation-specific gene expres
sion. Given that SCBEM protocols often rely on a multitude of 
variables that can hamper reproducibility—even within the same 
laboratory—small differences in PSC lines, culture media 
batches, or operator handling can yield divergent results. These 
reproducibility challenges underscore the field’s pressing need 
for collective standardization.

A call for standardization: methodological 
innovations and current constraints
Clear guidelines are indispensable for the development of 
SCBEMs, as emphasized in recent consensus-building efforts and 
opinion pieces where researchers propose criteria for monitoring 
their fidelity and efficiency (Martinez Arias et al., 2024). However, 
it is important to point out that while it may be relatively easy to 
standardize models derived from primed PSCs, since they are rel
atively genetically and epigenetically stable (Liu et al., 2017; 
Kilens et al., 2018), it appears to be more challenging to standard
ize naive PSCs as the current culture conditions for this state of 
pluripotency are suboptimal and extensive genetic and epige
netic aberrations accumulate upon extended culture (Pastor 
et al., 2016; Bar et al., 2017).

Suggested principles for standardization in the field include:

� Use of reference cell lines: a set of PSC lines (TSCs, ESCs, and 
iPSCs) characterized extensively at genetic, epigenetic, and 
functional levels, shared widely to serve as a common bench
mark for SCBEM development; report pluripotency state, ge
netic integrity, and transposon status; use more than two 
lines per experiment. 

� Protocol transparency and harmonization: standardize 
starting cell density induction modalities (e.g. small- 
molecule treatments, 3D aggregation parameters) and read
outs (morphology, gene expression) to reduce experimental 
variability; disclose aggregation geometry, signalling proto
cols for use of small molecules or morphogens, matrix chem
istry, and oxygen tension. Move toward open-source recipes 
to minimize reliance on proprietary, batch-variable commer
cial media. 

� Efficiency metrics: state the percentage of aggregates that 
reach prespecified endpoints (e.g. more than 80% lumenized 
blastoids) and represent calculations in relation to the origi
nal number of starting aggregates on Day 0. 

� Fidelity metrics: use of microfluidic culture, state-of-the-art 
microscopy techniques, and single-cell ‘omics’ to character
ize lineages and enable real-time monitoring of cell fate deci
sions in SCBEMs and morphometrics to contemporaneous 
stages of in vivo human or NHP embryos. 

� Limitations and ethics: declare missing tissues, off-target lin
eages, and provide an ethics statement covering embryo- 
likeness, data-sharing, and a description of the review of 
the experiment. 

We suggest the development of a collective effort that identi
fies and characterizes at the genetic and epigenetic levels a small 
panel of reference PSC lines suitable for specific SCBEMs. It might 
well be that some cell lines will be particularly suitable for spe
cific models. A similar effort should be made to standardize pro
tocols, specifically in terms of initial culture conditions and the 
reagents used. It is a common experience that the reliance on 
commercial media has an underlying batch-to-batch variability 
that affects the experiments (Balayo et al., 2025). It might be nec
essary to work together with the companies that provide the 

culture media to develop the most reliable products that can ad
vance the field. This collaboration would benefit both parties.

Standardized protocols and procedures to provide funders, 
policymakers, and the broader public with confidence in the rig
our and reproducibility of embryo models, promoting transpar
ency and informed engagement. One possibility is to establish a 
Global SCBEM Reference Bank housing genotyped, methylome- 
scored ESC/iPSC lines, paired with a public protocol repository, 
an inter-lab proficiency programme, and donor consent 
documentation.

Limitations and barriers for progress
The main limitation of current models, particularly those that in
clude primordia of several tissues and organs, is their reproduc
ibility. Although useful in the present state for screens or 
modelling of the effect of specific mutations, these systems are 
highly sensitive to experimental conditions such as culture me
dia, conditions, or the starting cell line. This is being addressed 
by in all cases, efforts are being made to enhance SCBEM fidelity 
through open discussions of methods across laboratories. Some 
specific recommendations to address this important issue are 
made below.

Summary and recommendations
In summary, the diversity of SCBEM has enabled advancement 
but simultaneously complicates reproducibility, regulatory over
sight, and progress towards translational goals. Altogether, 
SCBEMs provide a transformative and crucial resource to dissect 
the intricate choreography of early human development. As the 
field strives to balance ambition with responsibility, the future 
will likely witness further refinements in modelling, the estab
lishment of consensus standards to ensure reproducibility, and 
more nuanced ethical frameworks that account for the fast- 
paced advancements of stem cell science. In response to these 
challenges, cohesive strategies are needed to ensure SCBEMs ful
fil their scientific and medical potential responsibly:

� Community-driven standardization and transparency. 
Publication of protocols with detailed reagent lists, cell line 
specifications, and success metrics, emulating the organoid 
community’s best practices (Pasca et al., 2025), as well as fos
tering the development of open databases for SCBEM tran
scriptomic profiles, protocols, and troubleshooting tips. 
Additionally, the establishment of standards will be aided 
by rigorous comparison of human SCBEM data on pre- 
implantation IVF human embryos and NHP embryos, particu
larly during the peri-gastrulation stages. 

� Focused R&D to improve fidelity. Develop better in vitro envi
ronments that recapitulate uterine cues or maternal factors, 
potentially via microfluidics or co-culture with endometrial 
cells or organoids. 

� Creation of Biobanks. Biobanks should be created to distrib
ute high-quality stem cell lines and organoids to researchers. 

Emergent technologies and applications
In the 1990–2000s, the discovery of human ESCs and iPSCs gener
ated high expectations that these cells could be harnessed for dis
ease modelling and to repair and replace a wide range of damaged 
organs and tissues. Some of these promises have been fulfilled 
(Robinton and Daley, 2012; Cyranoski, 2018)—most notably in the 
breakthroughs that have used PSCs to develop dopamine- 
producing neurones for Parkinson’s disease (Tabar et al., 2025), 
interneurones for epilepsy (Bershteyn et al., 2023), insulin- 
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producing cells for Type I diabetes (Migliorini et al., 2021; Meng et al., 
2025), retinal cells for a variety of retinal pathologies (Ahmed et al., 
2021), and recently promising models of haematopoietic stem cells 
(HSCs) (Ng et al., 2025); some are now in advanced clinical trials. 
These individual successes show that high-quality discovery re
search can yield important biomedical breakthroughs with the po
tential to benefit patients (Adegunsoye et al., 2023).

Some of the challenges of using PSCs for regenerative medi
cine and disease modelling arise from the need for cells to be cor
rectly organized in three dimensions. The development of 
organoids from adult stem cells (Kim et al., 2020) and brain and 
retinal organoids from PSCs (Sasai, 2013) has proven this point, 
but it is the emergence of SCBEMs that has opened the door to 
new technologies with potential applications in regenerative 
medicine and reproductive biology.

This section explores the potential technologies arising from 
SCBEM research and their application to specific challenges as 
well as their role in advancing training, method development, 
and safety testing (Fig. 2). While much of this discussion is 
forward-looking and acknowledges existing obstacles, we believe 
that now is the right time to outline the path from fundamental 
research to real-world impact.

IVF and pre-implantation development
As discussed above, there is a rising demand for effective ART. 
Although there have been improvements success rates over the 
past several decades, it is still the case that only 30–40% of trans
ferred embryos lead to a live birth, where maternal age plays a 
critical role (Wilcox et al., 2001; Li et al., 2015; Jarvis, 2016; Human 
Fertilisation and Embryology Authority UK, 2025). Presently, fertil
ity clinics participate in large-scale studies aimed at understand
ing the basis for these success rates and developing approaches to 
improve them (Coticchio et al., 2025).

The first major challenge in ART arises after fertilization, at 
the eight-cell stage, when most embryos arrest due to aneuploi
dies that are a consequence of meiotic or mitotic errors. 
Currently, human embryos are the only source of experimental 
material to study this very early developmental phase in 
humans. However, researchers are working to develop cultures 
of TPSC that mimic four-cell and eight-cell embryos (Li et al., 
2023) to use them in embryo models in mouse (Li et al. 2025; 
Yilmaz et al., 2025). However, it is early days. In the future, an
other source of models for research on these early stages will be 
embryos derived from in vitro gametogenesis (see Table 1) (Saitou 
and Hayashi, 2021).

A second barrier to successful ART is the implantation of the 
blastocyst into the uterus, which, though dependent on negotiat
ing earlier stages successfully, might be associated with physiol
ogy rather than the genetics of the blastocyst, including its 
compatibility with the ‘endometrium’ (see Table 1). Here, blas
toids are a promising model; even though they are not the result 
of fertilization and cleavage, they nevertheless exhibit sufficient 
similarities at the level of gene expression and cellular organiza
tion to the blastocyst (Zhao et al., 2025) to warrant their use to 
study cryopreservation and culture conditions for blastocyst 
competency as well as the initial stages of implantation; they can 
also be used in teaching.

The ability to produce large numbers of blastoids means that 
they could provide a faithful substrate at scale to test for com
pounds that can improve blastocyst health and viability. They 
could also be used to support training in clinics, to develop im
proved techniques for embryo freezing and recovery, and to test 
the quality of reagents such as culture media before they are ap
plied to embryos. Collaborative efforts are underway between 
researchers and IVF clinics to determine whether blastoids show 
measurable sensitivity to conditions that affect embryos as a 
means to determine whether blastoids could provide a surrogate 
model for quality control in ART.

Implantation and early placentation
Successful human development depends critically on the estab
lishment of structural and functional connections between the 
conceptus and the endometrial lining of the maternal uterus 
(Bondarenko and Turco, 2025). The process is initiated by the at
tachment of the blastocyst to the endometrium, followed by its 
deep implantation into the uterus. Completion of embryo im
plantation frequently fails in both assisted and unassisted preg
nancies for reasons that are poorly understood and difficult to 
study in vivo.

Once a blastocyst has implanted, early events lead to the es
tablishment of the maternal–foetal interface and to the initial 
formation of the placenta, which is the organ that mediates nu
trient, gas, and signalling exchange between maternal and foetal 
systems later in pregnancy. Defects in interactions between con
ceptus (see Table 1) and endometrium and in early placental de
velopment underlie major pregnancy disorders, including 
miscarriages, foetal growth restriction, and pre-eclampsia 
(Smith, 2010). Understanding how embryonic and extraembry
onic layers (see Table 1), e.g. placenta and uterine compartments, 
coordinate to establish these interactions is critical for 

Figure 2. Stem cell-based embryo models lend themselves to different applications in embryology, disease modelling, and toxicology. R & D, 
Research and Development; hSCBEMs, human Stem Cell-based Embryo Models.
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uncovering the mechanisms that drive healthy pregnancy out
comes. Having in vitro models of human blastocyst attachment, 
implantation, and invasion is an important aim to improve ART 
and to understand the early origins of common preg
nancy conditions.

SCBEMs, including blastoids, are, in principle, suitable for use 
in research to address some of these issues. Although mouse and 
primate blastoids have not yet led to a successful implantation in 
animals, blastoids are able to recapitulate the early stages of the 
process (Rivron et al., 2018b; Li et al., 2023).

Human blastocysts and blastoids can attach and implant 
in vitro into endometrial models that recapitulate some features 
of receptive endometrial tissue. In these conditions, both blasto
cysts and blastoids form embryonic cell types as well as extraem
bryonic derivatives fated to produce early placental cells, which 
contact the underlying endometrial cells. These systems are 
complemented by single-tissue cultures, including trophoblast 
stem cell derivatives established from blastocysts, PSCs, or pla
cental tissues, which extend approaches that can investigate 
post-implantation placental development (Turco et al., 2018; 
Dong et al., 2020).

Methods to mimic the endometrium in vitro include 2-dimen
sional and 3-dimensional models that are typically formed from 
endometrial stromal and epithelial cells (Bondarenko and Turco, 
2025). Early models of implantation enabled the study of embryo 
and blastoid attachment and initial trophoblast invasion (Boretto 
et al., 2017; Turco et al., 2017; Ruane et al., 2022; Shibata et al., 
2024). Recent developments have improved the complexity and 
physiological relatedness of endometrial models and have been 
able to elicit processes mimicking implantation using blastocysts 
and blastoids (Song et al., 2026; Li et al., 2025; Mole et al., 2026). 
These systems promote investigation of the early maternal–foe
tal interface and identification of molecular pathways through 
which cells of the conceptus and endometrium interact. Patient- 
derived endometrial organoids were also used to run a proof-of- 
concept screen for drugs that might affect these interactions and 
influence Recurrent Implantation Failure (Li et al., 2025). While 
valuable, existing endometrial and implantation models still lack 
the cellular complexity, specifically endothelial and immune cell 
populations found in vivo. This structural discrepancy highlights 
the need for careful interpretation of in vitro findings.

Challenges remain, as this period of development is very diffi
cult to access in vivo, and consequently, there are limited data 
with which to benchmark the in vitro systems. Moving forward, 
careful synchronization of endometrial, placental, and embry
onic models, aligned to equivalent gestational stages and sup
ported by in vivo criteria where possible to assess model fidelity 
and functional integration, will be essential to advance in vitro 
studies of human development and the maternal–foetal inter
face. A future step for these models will be to achieve a degree of 
vascularization, which will be beneficial for sustaining growth 
and supporting physiologically relevant functions of the SCBEMs. 
These advanced models will be crucial to exploring the complex 
and dynamic conceptus–maternal interactions and help address 
key biological questions around early human development, with 
important implications for improving IVF success and obstetri
cal outcomes.

Disease modelling
The advent of iPSCs has opened up the possibility of modelling 
disease by obtaining iPSCs from patients and differentiating 
them along specific lineages (Rowe and Daley, 2019). This has 
been done with some success in the case of PSC-derived neuronal 
(Velasco et al., 2020; Sidhaye and Knoblich, 2021) and intestinal 

(McCracken et al., 2014; Aurora and Spence, 2016) organoids. 
However, these systems lack the integration of components from 
different germ layers and, in particular, innervation and an im
mune environment that have to be added through the composi
tion of what are called assembloids—in vitro models that 
combine two or more organoids (Miura et al., 2022). SCBEMs have 
the potential to provide this ‘for free’ due to their integrated na
ture. Some gastruloid derivatives have already been used in this 
manner to show proof of principle studies of an infant leukaemia 
in the blood (Ragusa et al., 2025) and of skeletal pathologies such 
as spondylocostal dysostosis (Yamanaka et al., 2023).

There are strong possibilities in the context of cardiac devel
opment, as the heart is an organ assembled from contributions 
of several lineages that come together naturally in SCBEMs. 
Furthermore, the modularity of the system and the possibility of 
assembly at a different level allow the study of the role that cell 
interactions play in the development of syndromes and disease.

While it is early days, the potential for SCBEMs to assist in dis
ease modelling is clear and, together with some of the develop
ments for pre-implantation and implantation diagnostics, is 
likely to be one of the most beneficial applications of SCBEMs.

Regenerative medicine
An important aim of research with PSCs, yet one where PSC- 
based approaches have not been as successful as expected, has 
been the development of tissues and organs to replace damaged 
ones. However, it is in this area that, in the long term, SCBEMs 
are likely to have an impact because their recapitulation of all 
important events of gastrulation leads to more faithful primordia 
for tissues and organs.

The blood system is a good example of an organ with a high 
unmet clinical need that might be attainable using SCBEM sys
tems. Blood diseases are a major cause of problems in the form 
of birth defects and cancer. Over the last 50 years, the solution to 
these problems has been bone marrow transplantation, which 
carries both the challenge of finding immunological matches for 
transplantation and a significant risk of serious complications, 
including graft-versus-host disease. iPSCs provide an alternative, 
but they require differentiation into HSCs. While progress has 
been made in this direction, the formation of HSCs requires inter
actions between different tissues and the generation of a niche, 
which are not easily reproducible ex vivo. Some progress has 
been achieved in the last years, but the protocols are complex 
and difficult to reproduce because of the difficulty of substituting 
signalling cocktails for in vivo interactions. It is here that, as in 
other cases, the ability of SCBEMs to autonomously mimic the 
necessary interactions that happen in the embryo harbours 
some promise.

Teratology and toxicology
The effect of teratogens on the development of the embryo is a 
major source of concern for the health of the pregnant person 
and the newborn. There is evidence that several compounds 
have effects early in development, where the embryo is most vul
nerable to chemical exposure. Animal and cell-based models 
have been developed over the years to configure a palette of sys
tems used by the industry (Carter, 2020). However, there is a lack 
of proper models that reflect human development. This lack has 
had consequences in the past, as shown in the case of thalido
mide, where the response in human development was not pre
dicted from testing with animal models (Vargesson, 2015). 
SCBEMs have the potential to fill this gap and play an important 
role in delivering animal free, human-specific systems for drug 
and teratogen testing (Marikawa, 2022). However, as stressed 
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elsewhere, SCBEMs should be seen and used as an extremely 
valuable resource that reduces, but does not substitute, ani
mal testing.

In principle, blastoids, gastruloids, and related SCBEMs can be 
used as substrates to test the effects of potential teratogens on 
the early stages of development. While some of this work can be 
done on single-tissue cellular models, e.g. cardiomyocytes, these 
studies miss the interactions between distinct lineages that are 
the basis of tissue and organ formation. Gastruloids have already 
proven to be good substrates for these tests, as they model many 
of the features and processes associated with germ-layer organi
zation and gastrulation movements that are associated with the 
action of teratogens (Mantziou et al., 2021; Marikawa, 2022; 
Huntsman et al., 2024). Blastoids can also be used in this manner, 
with implantation models playing an important role as a func
tional test (Zhang et al., 2023; Liu et al., 2025).

An interaction between the SCBEM and the teratology re
search communities would be a profitable way to not only de
velop the models further by answering the demands and 
standards of the field but, more significantly, to provide a much- 
needed model closer to the embryo than any model cur
rently available.

Limitations and barriers to technology 
development
Despite their promise, current SCBEMs require further develop
ment. If they are going to fulfil their promise and the needs 
stated above, these developments need to be focused not only in 
terms of the complexity of the models but also the technical 
aspects of their robustness, production, and quality control. 
SCBEMs also require further validation against in vivo tissues and 
embryos, where possible. Furthermore, it is important to ac
knowledge that the current cadre of SCBEMs is unsuitable to un
derstand most causes of IVF failures that relate to errors in 
fertilization or the divisions leading to the morula. Consequently, 
and in particular for these early stages, research with human 
embryos will continue to be an essential source of information.

An important current challenge to the use of SCBEMs in repro
ductive biology is the lack of a faithful uterine model that fully 
mimics the maternal environment that provides metabolic proc
essing. While closing this gap, ongoing work using organoids and 
SCBEMs is revealing how much is autonomous in the embryo and 
the endometrium and, in this manner, such work is expanding 
our understanding of the deep biology of the reproduc
tive system.

Summary and recommendations
In summary, SCBEMs have the potential to advance our under
standing of reproductive biology and associated technologies. 
Here, we would like to make some recommendations that should 
be taken into consideration during the technological develop
ment of the field.

� Design specialized SCBEM platforms for infertility research. 
This will require optimizing IVF protocols, understanding im
plantation failures, and teratogenicity testing (screening 
pharmaceuticals or environmental agents). 

� Promote interactions between SCBEM researchers and the 
ART community. This should be developed and facilitated, as 
clinical needs will strengthen the research field and focus the 
applications that arise from it. For instance, it should be 
established whether SCBEMs are sensitive to conditions such 
as poor-quality media or teratogens that affect embryo 

development, i.e. it should be determined to what extent 
SCBEMs can provide a meaningful surrogate. 

� The development of high standard, clinical grade models. 
This should be set up to serve as a basis for the practical 
applications of SCBEMs, particularly those associated with 
teratology and regenerative medicine. 

� Build bridges to clinical applications. Promote interactions 
between the private and academic sectors in the design of 
specialized SCBEM platforms to optimize IVF protocols, un
derstand implantation failures, and teratogenicity testing 
(screening pharmaceuticals or environmental agents). 
Integrate patient-specific iPSC lines to identify individual ge
netic or epigenetic risk factors for congenital anomalies or 
early pregnancy loss. 

� Development and support of training workshops. To en
courage the uptake of SCBEMs in applied research in IVF and 
teratology as widely as possible. 

Ethical and legal considerations of SCBEMs
Research involving SCBEMs raises some specific ethical issues 
and requires an updated international ethical framework that 
builds on existing guidelines for research with human stem cells 
and embryos while accounting for SCBEMs’ unique characteris
tics. Below, we provide an overview of the ethical and legal con
siderations associated with SCBEMs and a summary of existing 
international guidelines and ongoing discussions.

Ethical considerations
SCBEMs differ in ethically significant ways from human embryos 
used in ART that are sometimes a reference in ethical discus
sions. First, SCBEMs are not formed by the direct fusion of egg 
and sperm and, unlike embryos that are intended for parental 
projects, they do not have intended parents. Instead, they are 
generated from donated cells. Second, SCBEMs are not created 
with the intent to be transferred to, or gestated in, a human body 
or ex vivo through ectogenesis. The scientific and medical re
search using SCBEMs is therefore decoupled from the ethical 
issues related to parenthood and pregnancy, and the associated 
impact on the pregnant person’s bodily autonomy. The ethical 
justification for creating SCBEMs lies in their intended purpose: 
they are generated to advance scientific and medical knowledge 
and to offer an ethical alternative to the use of human embryos 
and nonhuman animals in research (Rivron et al., 2018a,b).

SCBEM research shares many ethical considerations with con
ventional stem cell and embryo research. These include ensuring 
informed consent from donors of biological material, clarifying 
the scope of applications for the cells and tissues generated and 
the scope of intellectual property rights (e.g. patents 
and licenses), establishing effective oversight and governance, 
and determining how to inform the public of advances in the 
field and where and when to involve them in deliberations 
around what limits, if any, should be imposed on research. Many 
of these concerns may be addressed through established ethical 
frameworks for ESCs and iPSCs and, to some extent, existing pub
lic engagement strategies.

Additional ethical challenges are specifically posed by 
SCBEMs because they are explicitly designed to replicate aspects 
of human embryonic development, either partially or in full. 
SCBEMs thus have specific ethical implications depending on 
how closely they mimic human embryos, including their degree 
of structural completeness and the appearance of features of 
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concern (Hyun et al., 2020; Clark et al., 2021; Lovell-Badge et al., 
2021; Moris et al., 2026).

An important concern arises from their developmental poten
tial. Currently, their progress is limited to a few days and cannot 
form viable foetuses (Rivron et al., 2018a,b; Li et al. 2023). 
Furthermore, if a SCBEM lacks essential cellular components 
(such as the ones normally fulfilling the functions of the pla
centa) or if it has significant genetic and epigenetic abnormalities 
(such as acquired genetic changes that would be incompatible 
with continued development—a prominent phenomenon in 
in vitro culture), the model will not possess the inherent capacity 
to develop into a viable foetus. Such biological constraints may 
ease certain ethical concerns, but not all. For example, there is a 
possibility that SCBEMs could be used to form part of foetuses. 
Addressing this issue requires careful consideration of the actual 
developmental potential of specific human SCBEMs.

A second category of concern relates less to developmental 
potential and more to their symbolic value: the ethical unease 
that arises from the creation and destruction of entities express
ing features commonly considered to define early human life and 
identity. These features may include the formation of a hand, a 
face, or a beating heart. While the moral relevance of symbolic 
value remains a subject of ethical debate (de Graeff and De 
Proost, 2025), the possibility of restricting SCBEMs from develop
ing certain tissues or progressing through certain stages of devel
opment may reduce objections in those who harbour 
these concerns.

A third type of concern relates to the potential development of 
SCBEMs with an integrated central nervous system with sen
tience or consciousness as it occurs at late stages of foetal devel
opment. Here, the concerns shift to the respect owed to sentient 
and/or conscious beings and the imperative not to harm them.

Taken together, these specific concerns associated with 
SCBEMs highlight the importance of carefully defining their bio
logical capabilities and setting limits relative to the emergence of 
features of moral concern.

Legal considerations
The emergence of SCBEMs, and their increasing complexity, 
raises questions around how this research should be regulated. 
Existing national or regional laws governing human embryo re
search may apply depending on how a human embryo is legally 
defined. Some SCBEMs may legally qualify as human embryos in 
certain jurisdictions—either due to ambiguous legal definitions 
or because they meet existing legal criteria, e.g. Australia 
(Matthews and Morali, 2020; Fabbri et al., 2023). Alternatively, 
SCBEM research could be regulated separately to embryos 
(Agence de la biom�edecine, 2023; Nuffield Council on Bioethics, 
2024; Statens medicinsk-etiska råd, 2024; Cave, 2025) or embryo 
research laws could be reformed to provide oversight through 
existing embryo research governance frameworks. Researchers 
and funders must be alert to how SCBEMs are classified in their 
jurisdictions, as embryo definitions vary widely and may need 
updating to address emerging scientific realities and commu
nity concerns.

In addition, jurisdictions should seek to establish limits or 
boundaries where SCBEM research is not already captured under 
existing laws and regulations. For example, practices such as 
transferring human SCBEMs into the uterus of a living human or 
animal, or attempting to bring them to viability through ectogen
esis, are widely regarded as unethical, unjustified, and unsafe. 
These actions should be explicitly prohibited under law to ensure 
responsible scientific conduct (Lovell-Badge et al., 2021; Clark 
et al., 2025).

Importantly, the purposes of legal boundaries include foster
ing and safeguarding safe, ethical, and responsible research. 
These limits serve to assure the public that scientific progress is 
pursued with ethical restraint and respect for moral pluralism. 
The 14-day rule exemplifies this function of regulatory limits— 
not because it resolved all ethical disagreements, but because it 
demonstrated deference to diverse moral views (Hyun et al., 
2016). Ongoing discussions about extending this limit to 
28 days—allowing researchers to culture human embryos longer 
to explore otherwise inaccessible stages of development—are 
highly relevant to the evolving context of SCBEM research. As sci
entific capabilities advance, similar regulatory boundaries may 
be necessary to maintain public trust and accountability. The 
recent suggestion of a 28-day rule for human blastoids—i.e. 
allowing the culture of blastoids to a structural equivalent of 
28 days—by ethics committees in France and the same proposi
tion by Swedish (Statens medicinsk-etiska råd, 2024) and Dutch 
(Health Council of the Netherlands, 2023) Councils demonstrates 
how regulation can adapt to evolving science while fostering in
novation and safeguarding public confidence.

International guidelines
In light of the ethical and legal considerations, several groups 
have held discussions and developed guidelines and recommen
dations. Two major scientific societies—the ISSCR (International 
Society for Stem Cell Research, 2025) and the European Society 
for Human Reproduction and Embryology (ESHRE) (Popovic et al., 
2019)—have led this discussion, with others such as the Nuffield 
Council on Bioethics (Nuffield Council on Bioethics, 2024) and the 
UK Cambridge Reproduction and Progress Educational Trust 
(Cambridge center for Reproduction, 2024) also providing guid
ance. Recommendations of the ISSCR have been adapted and 
implemented at the national level by France (Agence de la bio
m�edecine, 2023) and propositions were made in Sweden (Statens 
medicinsk-etiska råd, 2024), the Netherlands (Health Council of 
the Netherlands, 2023), and the UK (Nuffield Council on 
Bioethics, 2024). These guidelines and recommendations will 
need to be updated regularly as scientific progress is made, as is 
illustrated by a recent proposal to revise the ISSCR 2021 
Guidelines (Clark et al., 2025). While guidelines and recommenda
tions inevitably vary based on jurisdictions, various core areas of 
consensus for the ethical oversight of SCBEM research can 
be identified:

� Due to their limited developmental potential, SCBEMs in their 
current state should not be considered human embryos in ei
ther a biological or legal sense (Cave, 2025). This is the posi
tion in most countries, but, notably, this position is not 
reflected in the Australian legislation (National Health and 
Medical Research Council, 2023) and in a proposal by the 
Dutch Health Council to revise the Dutch Embryo Act (Health 
Council of the Netherlands, 2023; M’Hamdi and de Wert, 
2024), which both consider certain SCBEMs equivalent to hu
man embryos. 

� Research involving 3-dimensional SCBEMs requires ethical 
oversight by competent authorities, preferably ethics com
mittees experienced in overseeing research with human em
bryos (Clark et al., 2025; International Society for Stem Cell 
Research, 2025). 

� Practices that are currently unjustified, unethical, or unsafe 
should be prohibited. These include the transfer of human 
SCBEMs into the uterus of a living human or animal and 
attempts to bring a human SCBEM to viability through 
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ectogestation (Hyun et al., 2020; Clark et al., 2021, 2025; Lovell- 
Badge et al., 2021). 

� Scientific societies and ethics committees should ensure that 
the in vitro development of human SCBEMs happens incre
mentally and that the quality and reproducibility of results 
are assured and shared before researchers explore later de
velopmental stages. A gradual pace and a focus on quality 
and reproducibility help justify the research, limit the likeli
hood of precipitous research in areas of widespread ethical 
concern without broad consultation, and allow assessment of 
whether societal benefits can be achieved. Some criteria for 
the characterization and evaluation of SCBEMs have been de
scribed (Posfai et al., 2021; Martinez Arias et al., 2024). 

� SCBEMs should be maintained in culture for the minimum 
time necessary to achieve each study’s scientific and/or med
ical objective(s). Permission to culture should take into ac
count the quality of the model, the justification of the 
objectives, the technical feasibility, and the consistency of 
the practice with local laws and international guidelines 
(Lovell-Badge et al., 2021; Rivron et al., 2023a,b). 

� The extent to which a model is suitable for answering a spe
cific research question should guide ethical oversight (Jonlin 
et al., 2025). Forming an SCBEM that is more complete than 
necessary for a particular study might create unnecessary 
ethical and legal concerns. Therefore, for each specific re
search endeavour, less complete models should be preferred 
(Rivron et al., 2023a,b). While the use of more complete 
SCBEMs may be especially useful to research the early stages 
of human development, where possible, less complete mod
els or other alternatives (e.g. organoids) should be preferred 
for studies addressing later stages of human development 
(Rivron et al., 2023a,b). 

� Permission from an ethics committee to culture human 
SCBEMs that are more complete or complex, reflecting an in
creasing potential for prolonged integrated development or 
accumulating additional features of concern, requires a pro
portional increase in potential benefits. 

� The benefits of SCBEM research should outweigh the ethical 
risks and concerns associated with them. Specifically, 
SCBEMs that contain not only the embryonic but also the ex
traembryonic tissues (or support element fulfilling extraem
bryonic functions) that control embryo/foetal development 
and enable implantation in the uterus should require a signif
icant proportional increase in potential benefits, as these 
SCBEMs may, with further technical advances, support the 
development of a foetus (Clark et al., 2021). 

� Although SCBEMs are useful for research and provide oppor
tunities for further scientific advances, the limitations of cur
rent scientific knowledge and regulatory constraints must be 
clearly explained in any communication with the public or 
media (Rivron et al., 2023a,b). Because this area of science 
moves quickly, international guidelines need to be regularly 
updated. The following three issues are currently un
der discussion. 

Could ethical oversight be graded according to an 
international SCBEM classification?
Categorizing SCBEMs based on their developmental capacity has 
been suggested as one way to frame ethical concerns and to en
able adequate ethical oversight. A distinction was initially drawn 
between integrated and non-integrated SCBEMs. Integrated 
SCBEMs comprise both embryonic and supporting extraembry
onic tissues—such as blastoids—and may, when improved, 

acquire the capacity to develop into a foetus. Non-integrated 
SCBEMs—such as gastruloids—form anatomical structures that 
may support the development of integrated organs but so far 
lack the potential to generate a full foetus (Clark et al., 2021). 
However, in the face of the proliferation of different models, the 
ISSCR has recommended that the use of this distinction to define 
ethical oversight be discarded and that all SCBEM research un
dergo a specific ethical and scientific oversight process, graded 
according to the complexity of the model. Improving rather than 
abandoning this classification has been proposed (Ismaili, 2025). 
This classification could, for instance, be based on the inferred 
capacity to support the development of a foetus or the appear
ance of features of moral value, including the emergence of 
structures that could give rise to sentience and consciousness. 
This enhanced ethical oversight may require additional support 
for ethics committees, for example:

� by creating a register of decisions made by different ethics 
committees and the decision-making process, including the 
rationale for each type of SCBEM, which may help 
other committees, 

� by establishing an international group of advisory ethicists to 
assist other committees in decision-making, 

� by providing guidance, for instance, through international 
recommendations, on what time limits and/or developmental 
boundaries should be placed on SCBEMs. 

Research with SCBEMs—particularly the most complete mod
els—is not regulated by default in most countries and therefore 
not limited in time. As previously mentioned, an exemption to 
this is Australia, where the culture of human blastoids is limited 
to 14 days, as they are deemed to be legally equivalent to em
bryos. In France, the culture of integrated SCBEMs is permitted 
up to a developmental stage equivalent to 28 days of a human 
embryo, and—as previously mentioned—similar recommenda
tions have been made by Dutch and Swedish councils. These de
velopmental limits are intended to allow research that sheds 
light on the so-called ‘black box’ period of human development, 
from Day 14 to the beginning of the second month. This 28-day 
limit is being proposed to ensure a gradual and justified use of 
these models while signalling to the public that research is not 
uncontrolled. It still limits some opportunities to study develop
mental events that are important for human health and may, in 
turn, be debated again as science progresses. As development 
progresses, SCBEMs often progressively and significantly deviate 
from natural development and thus lose scientific and medical 
relevance, making them scientifically less suitable and poten
tially ethically less acceptable. Although the stage of 28 days, 
Carnegie stage 10, has not been achieved to date, with advancing 
technologies such as better stem cells and supporting endome
trial organoids, bioreactors, and oxygenation systems, culturing 
SCBEMs to this stage might become technically feasible and sci
entifically and medically valuable in the future. At 28 days, the 
nervous system is underdeveloped, alleviating ethical concerns 
related to sentience.

The Nuffield Council on Bioethics report, like the UK Code of 
Practice, recommended a case-by-case assessment but included 
a backstop of SCBEM development to an equivalent stage of a 56- 
day embryo. Importantly, after the first 2 months, alternative 
models—such as non-integrated SCBEMs focused on specific 
organs, organoids, or assemblies of organoids—can serve many 
research purposes, rendering continued use of integrated 
SCBEMs less necessary and potentially unjustified. Although 
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there is broad agreement on the need to limit SCBEMs’ culture 
time, there is no international consensus on the specific thresh
old. Disagreements stem from a lack of shared criteria for setting 
such limits and the difficulty of applying rigid policies to complex 
and evolving technologies. An alternative or complementary reg
ulatory approach focuses on monitoring ethically significant de
velopmental features as a trigger for enhanced oversight, rather 
than relying solely on fixed time-based boundaries.

What if advances make SCBEM indistinguishable 
from human embryos?
If human SCBEMs approach biological similarity with human em
bryos, it is likely that there will be increasing calls for the legal 
definition of a human embryo to be amended such that research 
using relevant models would be subjected to similar stringent 
ethical and legal protections. Any updated definition should con
sider that SCBEMs that do not reflect the complete embryo might, 
nevertheless, be able to form a foetus. Since technical solutions 
have been developed to fulfil the extraembryonic, uterine, and 
physiological functions that support the development of a foetus 
(e.g. hydrogels, bioreactors), a refined legal definition should— 
where relevant—take into account not only the intrinsic poten
tial of the cells to form a foetus but also their dependence on 
essential external support functions that aid development.

Given that transferring human SCBEMs into a uterus to deter
mine developmental potential is prohibited and considered 
unethical (Clark et al., 2025), alternative strategies to evaluate 
such potential—sometimes referred to as Turing Tests (Rivron 
et al., 2023a)—have been proposed. According to one of the pro
posed approaches, a SCBEM could warrant treatment equivalent 
to that of a human embryo if it can both accurately replicate em
bryonic development up to a certain stage deemed to be the ethi
cally acceptable limit and demonstrate the capacity to generate 
living, fertile organisms in multiple species, especially NHPs. 
Reaching this dual threshold may suggest that the SCBEM war
rants a legal treatment like that of a human embryo under ethi
cal and regulatory frameworks (Rivron et al., 2023a).

Public transparency and communication
Alongside considering the ethical and regulatory implications of 
SCBEMs and how these may evolve as the science advances, 
there is a strong need for transparent and clear public communi
cation of this research and its potential impact on human health 
and medical research and its limitations (Rivron et al., 2023b). 
Given the resemblance of SCBEMs to human embryos, even if in 
limited ways, they attract public and media interest, including in 
the EU where human embryo research is a matter of public con
cern (Pucelj and Matusiak-Frącczak, 2024).

Although SCBEMs may provide a more ethically acceptable al
ternative to the use of human embryos and animals for research, 
exactly what SCBEM research entails, and why such research is 
being undertaken, may not be immediately clear to people in the 
broader community. Thus, there is an ongoing need for openness 
and public engagement to learn more about which aspects of 
SCBEM research and application are important to individuals and 
why, and what steps could be taken to reassure or alleviate con
cerns and questions they may have. Conversely, a lack of trans
parency about SCBEM research and its objectives, overstating 
achievements, potential benefits, or failure to acknowledge and 
respond to community concerns, risks eroding confidence in sci
ence and ultimately public trust (Lovell-Badge et al., 2021; Rivron 
et al., 2023b).

In their public communication, researchers must be clear 
about the similarities and differences between SCBEMs and 

human embryos, in particular their inability or limited ability to 

develop through different stages, form features of moral value, 

and acquire sentience and consciousness. They should also 

clearly explain the scientific and/or medical purpose of the re

search. Public debates around embryonic stem cell research have 

shown that many people consider the research’s purpose—either 

scientific or medical—to be important when assessing research 

acceptability. SCBEM research both advances basic knowledge of 

human development and enables research to improve treat

ments for infertility, pregnancy loss, congenital or environmen

tally induced birth defects, and subsequent adult diseases. Clear 

communication about these goals in lay terms can help members 

of the public gain insight, can more fully involve members of the 

public in ongoing discussions, and can provide opportunities for 

them to share their views on ethical considerations and what 

limits, if any, should be imposed by regulators, considering the 

potential scientific and medical benefits.
As part of a transparent process, a public register of laborato

ries involved in SCBEM research could be useful (Nuffield Council 

on Bioethics, 2024). To foster public dialogue, researchers, regula

tors, and funders will need to proactively consider the ethical 

aspects of SCBEM research, develop clear and well-reasoned 

explanations for their studies, and be able to communicate these 

in a timely and accessible manner (Lovell-Badge et al. 2021; 

Rivron et al., 2023a,b). They will also need to engage members of 

the public to hear their hopes, fears, enthusiasm and concerns 

about SCBEM research, and the reasons for their views and facili

tate wide representation in public engagement.
Groups in two countries have recently begun to engage the 

public in discussions about SCBEM research. In the Netherlands, 

lay participants with no prior knowledge about this type of re

search requested to be more informed about the research and in

volved in its regulation (Pereira Daoud et al., 2024). Moreover, 

additional dialogues with the lay public are underway (Rathenau 

Institute, 2025). In the UK, a series of facilitated dialogue events 

between members of the public who had some prior knowledge 

of embryo research, with scientists, legal experts, and ethicists, 

demonstrated that most participants viewed SCBEMs as different 

from embryos and that uncertainties about the potential uses of 

SCBEMs raised specific concerns (van Mil, 2024). There was also a 

call for regulation of SCBEM research in some form and the in

volvement of public voices in this to give a broad range of per

spectives, which are recommendations incorporated into the UK 

Code of Practice.
In sum, future public engagement efforts need to extend be

yond just telling people about SCBEM research and its potential 

implications and involve careful planning, dedicated resources, 

and the expertise of public engagement and dialogue specialists. 

Researchers, institutions, regulators, and funders need to coordi

nate efforts and work with other interested members of the com

munity to consider how to best foster public discourse and 

involvement. In addition, this research and its ethics should also 

be discussed in the classroom.

Summary and recommendations
The development of SCBEMs cannot happen without ethical and 

legal oversight and proper communication of its findings with 

the public, as well as with funding and governmental institu

tions. As a summary of the discussion on this section, here are 

some recommendations in this area for the field.
Establish a distinct legal and ethical status for SCBEMs
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� Due to their limited developmental potential, SCBEMs in their 
current state should not be considered human embryos in ei
ther a biological or legal sense. 

� Explicitly prohibit the transfer of human SCBEMs into the 
uterus of any living animal or human and attempts to 
achieve ectogenesis (the development of an organism to term 
outside a biological womb). 

Address key ethical and regulatory challenges

� Ensure the implementation of international ethical guide
lines, such as those developed by the ISSCR and ESHRE, 
across the world. 

� Ensure oversight of SCBEM research, particularly regarding 
the formation of features of ethical concern, including the po
tential emergence of sentience. 

� Support ethics committees by establishing an open-access 
register of decisions taken by the different ethics committees 
along with the decision-making process, including the ratio
nale for each type of SCBEM, and by setting up an interna
tional group of advisory ethicists to assist other committees 
in decision-making. 

� Mandate informed consent from donors of biological material 
used in SCBEM research. 

Adopt guidelines and oversight adapted to complexity

� Encourage incremental research approaches, with limits on 
culture durations and proportional justification for more 
complex SCBEM models. 

� Design oversight mechanisms that adapt to the increasing so
phistication of SCBEMs and advances in science. 

� Identify, introduce, and monitor specific boundaries, includ
ing time limits on culture (e.g. France’s 28-day proposed 
limit), while aligning with international standards. 

Foster public trust through transparency and communication

� Promote transparent and accurate communication about the 
limitations, purposes, and safeguards of SCBEM research. 

� Engage citizens and stakeholders in ongoing dialogue about 
acceptable ethical boundaries, building public trust in the 
governance of SCBEMs. 

� Engage academic institutions/universities to promote the 
ethical and regulatory discussions when SCBEM are object 
of lectures. 

Implement dynamic governance frameworks

� Require regular updates to SCBEM guidelines as scientific ca
pabilities evolve. 

� Identify developmental features of ethical concern and en
sure these remain at the core of public accountabil
ity strategies. 
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