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Stem cell-based embryo models (SCBEMs) have emerged as important tools in developmental biology
and regenerative medicine, providing novel perspectives for deciphering the mechanisms of early
embryogenesis and advancing clinical applications. This review systematically summarizes recent pro-
gress in the field and proposes a “potency-state-lineage” classification framework that integrates the
intrinsic properties of stem cells used for model construction, as well as outlining the logical framework
underlying model development. This review highlights the ability of pluripotent stem cells (PSCs) to self-
organize into three-dimensional (3D) embryoids or organoids that mimic natural embryos or specific tis-
sues. These models offer unprecedented access for studying human development while circumventing
the ethical and practical constraints associated with direct research on human embryos. Moreover, these
models serve as important platforms for investigating developmental disorders, environmental influ-
ences, and disease modeling. This review further explores the transformative potential of SCBEMs in per-
sonalized tissue engineering, drug screening, and livestock breeding while emphasizing the urgent need
for ethical guidelines and standardization in this rapidly evolving field. SCBEM technology continues to
advance and holds promise for enhancing the understanding of developmental processes and providing
support for the development of therapeutic strategies.
© 2026 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

SCBEMs, which utilize the self-organizing capabilities of
pluripotent stem cells (PSCs), have emerged as robust tools for

Elucidating early embryonic development has been a driving
force in the field of developmental biology and has the potential
to transform the understanding of human growth and inform
regenerative medicine. Traditionally, this research has been con-
ducted using in vivo models, which, while valuable, present limita-
tions in terms of ethical considerations and species-specific
differences that may not accurately reflect human biology. The
advent of stem cell-based embryo models (SCBEMs) has led to a
significant paradigm shift, offering a novel avenue to study human
development outside the constraints of ethical debates and species
limitations.
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recapitulating the early stages of embryogenesis in vitro. These
models, termed “embryoids” or “organoids”, generate three-
dimensional (3D) structures that mimic both the architectural
and functional aspects of natural embryos or tissues. These models
provide a unique platform for exploring the molecular and cellular
events driving gastrulation, organogenesis, and body axis estab-
lishment and partially reproduce the physiological functions of
the corresponding tissues and organs in vitro, processes that have
been challenging to study in human embryos because of ethical
and practical constraints.

In addition to academic curiosity, SCBEMs show promise for
regenerative medicine, offering a potential solution to the shortage
of donor organs and a novel approach for drug discovery and safety
testing. SCBEMs allow for the evaluation of compound effects on
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human tissues in a controlled environment, which is a significant
advancement over traditional methods.

This review explores the advancements and applications of
SCBEM:s, providing an overview of the current state of the field.
We explore the derivation of stem cells from embryos, the devel-
opment of various PSC states, and the innovative methods used
to construct embryo models. We also discuss the applications of
these models in understanding developmental mechanisms, dis-
ease modeling, regenerative medicine, drug screening and live-
stock stem cell breeding, underscoring their significance in
advancing our knowledge and therapeutic potential.

In conclusion, the field of SCBEMs stands at the forefront of a
new era in developmental biology, with potential applications as
vast as the capacity for innovation. As the boundaries of this field
continue to expand, these models offer unprecedented opportuni-
ties to unravel the mysteries of life’s earliest stages and to translate
these insights into clinical advancements, leading to significant
achievements in both scientific understanding and medical
application.

2. Development of SCBEMs
2.1. Derivation of stem cells from embryos

The establishment of stem cells from embryos fundamentally
involves extracting and preserving the inherent developmental
potential of embryo cells in an ex vivo setting. Stem cells derived
from embryos can be classified into totipotent and PSCs on the
basis of their developmental potential. Totipotent stem cells pos-
sess characteristics similar to those of zygotes/early blastomeres,
as they can form an entire organism and give rise to all embryonic
and extraembryonic tissues [1]. PSCs can be further categorized
into embryonic stem cells (ESCs) and extraembryonic stem cells,
depending on their respective lineages of origin. ESCs exhibit three
types of pluripotency states: naive, formative (or intermediate),
and primed [2,3]. Extraembryonic stem cells can be divided into
two main groups: trophoblast stem cells (TSCs) derived from the
trophectoderm (TE) and extraembryonic endoderm stem cells
(XENs) derived from the primitive endoderm (PrE) or hypoblast
(Hypo) [4,5] (Fig. 1). Stem cells play an indispensable role in mam-
malian embryonic development and differentiation [6].

2.1.1. Totipotent stem cells

In the process of mouse embryonic stem cells (mESCs) culture, a
small subpopulation of cells (approximately 0.1%-1%) transiently
exhibit activation of 2-cell-specific genes, such as Zscan4 and
Zfp352, and are therefore referred to as 2-cell-like cells (2CLCs)
[7]. Similarly, during the cultivation of human naive PSCs in PXGL
(PD0325901, XAV939, G66983, leukemia inhibitory factor (LIF))
medium, a subset of unstable cells (approximately 1.6%) express
zygotic genome activation (ZGA)-related genes, including
ZSCAN4/5B, DUX4, TPRX1, and LEUTX, which are known as 8-cell-
like cells (8CLCs) [8]. The observation that metastable 2CLCs and
8CLCs correspond to mouse and human blastomeres, respectively,
at the ZGA stage indicates potential for in vitro cultivation of
totipotent stem cells [9,10]. Through spliceosome repression or
epigenetic modulation, totipotent blastomere-like cells (TBLCs)
[11], totipotent potential stem cells (TPSCs) [12], totipotent-like
stem cells (TLSCs) [12-16], and chemically induced totipotent stem
cells (ciTotiSCs) [17] have been established and exhibit stable
maintenance over long-term passages. These cells demonstrate
extensive activation of genes associated with totipotency and sup-
pression of genes related to pluripotency at the molecular level.
Functionally, these cells contribute to a range of embryonic and
extraembryonic lineages. In addition, two independent research
groups have established so-called mouse and human expanded/ex-
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tended PSCs (EPSCs), which are capable of long-term passage under
specific culture systems and generating extraembryonic and
embryonic tissues both in vivo and in vitro [18,19]. However, EPSCs
are transcriptionally more similar to epiblast (Epi) cells after early
implantation in both mice and humans and thus are essentially
more similar to intermediate stem cells [20].

2.1.2. Naive PSCs

Naive pluripotency is defined as the unrestricted differentiation
ability of cells, which can differentiate into all somatic and germ-
line lineages [1]. The initial derivation of mammalian ESCs was
accomplished using the inbred 129 strain [21,22]. Over the course
of extensive development, these mESCs have emerged as the gold
standard for assessing pluripotency. Naive mESCs derived from
mouse preimplantation epiblasts (EPIs) show high transcriptional
similarity with E3.75-E4.5 EPIs [23,24]. Naive mESCs exhibit a
dome-shaped, 3D morphology with tight clonality and high effi-
ciency in terms of clonal formation. They also demonstrate X chro-
mosome double activation (X,X,) status. These cells express the
core pluripotency factors Pou5f1, Sox2, Nanog, and the naive
pluripotency factors Klf2, Kif4, Rex1, Tbx3, Esrrb, and Tfcp2l1, among
others [25]. Naive mESCs possess unbiased differentiation poten-
tial both in vitro and in vivo. They serve as the initial cell type for
inducing primordial germ cell-like cells (PGCLCs), can be
implanted into preimplantation embryo EPIs and can generate all
adult lineages in a chimera or an entire mouse through tetraploid
complementation [1,26]. The two most commonly used culture
systems for naive mESCs are S/L (serum with LIF) culture and 2i/
L (a MAPK/ERK kinase inhibitor, PD0325901, and a glycogen syn-
thase kinase 3 beta (GSK3) inhibitor, CHIR99021 with LIF) culture
[27]. The 2i/L medium can also be used to generate germline-
competent rat ESCs (rESCs) [28,29], but maintaining self-renewal
of stable naive rESCs requires a reduction of the stimulatory effect
of GSK3p inhibition on differentiation [30]. Owing to the substan-
tial disparities in embryonic development between humans and
mice, the establishment of human naive-like PSCs has undergone
an extensive period of investigation [31,32]. Initial cultures of
human naive-like PSCs were established through systematic eval-
uation of multiple factors known to regulate naive pluripotency
or via unbiased screening [1,33,34]. Reported human naive-like
PSC cultures include naive human stem cell medium (NHSM)
[32], 3i/L (MEKi + GSK3pi + FGFRi + LIF) [31], 5i/LA (MEKi + GSK3Bi
+ BRAFi + ROCKi + SRCi + LIF + activin A) [34], t2iL/G6 (MEKi +
GSK3Bi + LIF + G66983) [33], 2iF (MEKi + GSK3pi + FGF2) [35],
and other derived or modified culture systems [36-39].

2.1.3. Primed PSCs

At the postimplantation stage, EPIs are subjected to inductive
signals from extraembryonic tissues that effectively “prime” their
differentiation [1]. Before the definition of the formative pluripo-
tent state, the primed pluripotent state referred to the pluripotent
state of stem cells derived from EPIs or ectoderms (ECTOs) of
postimplantation embryos to presomite-stage embryos [40,41].
After the definition of the formative pluripotency state, the primed
pluripotency state now more specifically refers to the separation of
ECTOs from early-gastrulation embryos to early-neurula embryos,
and the transcriptomes of primed epiblast stem cells (EpiSCs) are
similar to those of the ECTOs of late-gastrulation embryos at
E6.5-E8.0 [40,42]. The primed EpiSCs exhibit flat and loose colony
morphologies, along with a low efficiency of colony formation.
Additionally, they demonstrate X chromosome inactivation (X X;).
The expression of the core pluripotency factors Pou5f1, Sox2, and
Nanog and the primed-specific pluripotency factors Otx2, Zic2,
Fgf5, Pou3f1, Dnmt3a, Dnmt3b, Pax6, and Lefl was observed. These
cells display some differentiation bias, making it challenging to
induce the formation of PGCLCs. Furthermore, their ability to
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Fig. 1. Culture systems for embryo-derived stem cells from different species. Comparison of culture conditions used for embryo-derived stem cells across multiple
mammalian species. Columns denote distinct stem cell types or pluripotent states, and rows indicate individual culture components, including basal media, supplements,
cytokines, and small-molecule inhibitors/modulators. The green boxes indicate the presence of a given component and the blank boxes indicate its absence or lack of
reporting. The colored dots above the columns denote species identity, and “+” or “~” indicate feeder dependence; header colors classify the cells by developmental potency
or pluripotency state.
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colonize EPIs at the blastocyst stage is limited, and their contribu-
tion to late embryonic chimeras is also significantly reduced [2,25].
Primed PSCs generally require both activin A and fibroblast growth
factor 2 (FGF2) (AF) to maintain pluripotency and self-renewal,
which is common in mouse-primed EpiSCs and human conven-
tional ESCs [43-46].

2.1.4. Formative PSCs

Pluripotency is gradually transformed during embryonic devel-
opment, and the division of the naive and primed pluripotency
stages does not precisely correspond to the embryonic develop-
ment process. For example, after embryo implantation, mouse
EpiSCs derived from the EPIs of pregastrulation embryos can
induce the formation of PGCLCs, whereas EpiSCs derived from
the early gastrulation ECTOs to pregastrulation embryos rarely
form PGCLCs [47-49]. Naive ESCs require maturation prior to lin-
eage differentiation, whereas primed EpiSCs exhibit a predisposi-
tion toward specific cell fates and differentiation capacities.
Consequently, an intermediate pluripotency state known as the
formative (or intermediate) pluripotency state exists between the
naive and primed stages [3]. Compared with naive PSCs, formative
PSCs exit the naive regulatory network and exhibit markedly
enhanced responsiveness to key lineage-inducing signals (e.g.,
FGF, Nodal, and WNT). Compared with primed PSCs, they retain
broader lineage contribution potential and are not yet committed
to specific developmental trajectories, allowing them to more
faithfully simulate the coemergence of multiple lineages during
early gastrulation (Table 1 [12-16,50-77]).

Mouse formative PSCs isolated from postimplantation to pre-
gastrulation EPIs presented high similarity in terms of their tran-
scriptomes to those of E5.5-E6.0 pregastrulation EPIs [78,79].
Formative PSCs exhibit intermediate morphological characteristics
between those of naive ESCs and primed EpiSCs. These cells are
typically passaged as cell clusters and demonstrate greater colony
formation efficiency than primed EpiSCs do. Furthermore, the X
chromosome activation status displays a mixed state, with both
X.X; and XX, coexisting simultaneously. The gene expression of
the formative PSCs also shows an intermediate state. In addition
to expressing the core pluripotency factors Pou5f1, Sox2, Nanog,
some naive or primed pluripotency genes, such as Utfl, Zfp42,
Fgf5, Otx2, Zic2, Lin28a/b, Etv4/5, and Dnmt3a/b, are also expressed.
The formative PSCs can also generate PGCLCS in response to the
induction of bone morphogenetic protein (BMP) signaling. In terms
of embryonic chimerism, the formative PSCs can integrate into
inner cell masses (ICMs), albeit with a lower contribution to the
formation of late-stage embryonic chimeras than naive ESCs
[78,79]. The maintenance of self-renewal and pluripotency of for-
mative PSCs requires precise regulation of WNT signaling in addi-
tion to activation of TGFB and FGF signaling pathways. The gradual
activation of WNT signaling in embryonic lineages during embry-
onic lineage specification to gastrulation may account for this phe-
nomenon, as the formative state exists on a continuum between
the naive and primed states [80]. Recent progress has included
not only humans [78,79] but also other mammals, such as rats
[81], pigs [82], cattle [83], sheep [84], and horses [79], among
others. The establishment of stable ESCs from domestic animals
is highly important for domestic stem cell breeding, human disease
model construction and cell engineering [85,86].

2.1.5. Extraembryonic stem cells

Extraembryonic cells mainly include the TE and PrE, which
develop into the placenta and extraembryonic yolk sac, respec-
tively. These extraembryonic cells play key roles in embryonic
development, including nutritional support, placentation, and
embryo maternal interactions.
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Mouse TSCs are derived from blastocysts or early postimplanta-
tion trophoblasts, and in the presence of fibroblast growth factor 4
(FGF4) and transforming growth factor p1 (TGF-B1)/activin, they
exhibit indefinite self-renewal capacity while retaining the ability
to differentiate into all trophoblast lineages [87]. Several transcrip-
tion factors, including Cdx2, Eomes, Elf5, Esrrb, and Gata3, have been
shown to be essential for the maintenance of the undifferentiated
state of mouse TSCs [88]. Human TSCs, initially isolated from blas-
tocysts and early placentas, have the remarkable ability to differ-
entiate into the three primary trophoblast lineages. The signaling
pathways governing human and mouse TSCs exhibit substantial
disparities. Activation of the WNT signaling pathway and EGF, cou-
pled with inhibition of TGF-p, histone deacetylase (HDAC), and
Rho-associated protein kinase (ROCK), plays a crucial role in ensur-
ing the sustained growth and differentiation potential of human
TSCs in vitro [5]. XENs are derived from mouse E3.5 blastocysts
and express markers associated with the extraembryonic endo-
derm, but they can only contribute to the distal region of the PrE
[89]. In a recent breakthrough, primitive endoderm stem cells
(PrESCs), which were derived and maintained in medium contain-
ing CHIR99021, FGF4, heparin, and PDGF-AA, have demonstrated
the ability to replicate E4.5 PrE features, exhibit efficient incorpo-
ration into PrE upon blastocyst injection, and generate functionally
competent tissues derived from PrE. Moreover, PrESCs can form
connections with ESCs and TSCs, resulting in the production of off-
spring that possess structures resembling yolk sacs within the
uterus [90].

Through transgene overexpression or chemical induction, dif-
ferent types of stem cells can be intertransformed; for example,
naive [91,92], primed [93,94| human PSCs or human EPSCs [95]
can be transformed into TSCs under certain conditions. The inhibi-
tion of HDAC activity directly reprograms mESCs to TSCs [96]. It is
also possible to establish mESC-derived XENs [4] or naive hPSC-
derived hypoblast-like cells (nHyCs) [97] by either overexpression
of Gata6 or retinoic acid and other chemical components-based
conversion. By activating the FGF, TGF-B/Smad, and WNT/B-
catenin signaling pathways (referred to as FTW medium), a per-
missive microenvironment is created to facilitate the self-
renewal of formative-like ESCs, XENs, and TSCs in both standalone
cultures and cocultures [98].

The investigation of diverse stem cells has greatly enriched the
understanding of intercellular communication and recognition
among distinct populations of these remarkable cells, thus opening
up new avenues for the exploration of SCBEMs.

2.2. Reconstructing embryo models using stem cells

Innovative research conducted in the past ten years has
revealed the ability of stem cell aggregates to autonomously
arrange themselves and generate structured formations known as
organoids, which replicate the developmental architecture of
organ primordia when they are cultured in vitro [99,100]. Stem cell
self-organization models have subsequently been used as comple-
mentary tools to elucidate the morphogenetic and tissue pattern-
ing processes of natural mammalian organogenesis because of
their inherent scalability, accessibility, modularity, and amenabil-
ity [101,102]. In recent years, this self-organizing capacity of stem
cells has been further harnessed for the generation of structures
resembling early embryos in mammals, including humans. This
approach has introduced a reductionist and “bottom-up” strategy
for simulating human embryogenesis [103]. We will subsequently
discuss the advancements in stem cell-based embryo model
research from three perspectives: methods for constructing
embryo models, embryo models at different developmental stages,
and the validation and assessment of embryo models.
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Table 1

Developmental potential and key characteristics of each stem cell type in SCBEMs.

Species Initial cell types Characteristic markers Key factors Culture Assembly methods Early stage modeled  Advanced stage Reference
duration modeled
Mouse TBLCs ZNF34, MED26, HBEGF, H2AFZ TNKM (Y27632, rhFGF4, heparin, CHIR99021, 4d AggreWells & MicroWells ZGA E5.5-E6.5 post- Peng et al. [50]
A83-01),4d implantation
Mouse TPSCs ZSCAN4, ZFP352, TCSTV1 N2B27 (hBMP4, hFGF2, mFGF4, LPA, Y27632),4- 4-6d AggreWells E3.5 blastocyst — Xu et al. [12]
6d
Mouse TLSCs ZSCAN4, ZFP352, TCSTV1 TX (rhFGF4, TGF-1, CHIR99021, IL11, heparin), 4-5d AggreWells E3.5 blastocyst E5.5 peri- Yang et al. [16]
4-5d implantation
Mouse EPSCs 0OCT4, SOX2, NANOG Y-27632, rhFGF4, heparin, CHIR99021, BMP4, 4-6d AggreWells E3.5 blastocyst E5.5 peri- Li et al. [14]
A83-01 implantation
Mouse EPSCs & TSCs 0CT4, SOX2, NANOG, CDX2 LCDM-FBS & TX (hFGF4, hTGF-81, Y27632, 4-7d AggreWells E3.5 blastocyst E5.5 peri- Sozen et al. [15]
CHIR99021, 8Br-cAMP, IL-11), 4-7 d implantation
Mouse Naive ESCs & 0OCT4, NANOG, KLF4, TFCP2L1, CDX2  TX (Y27632, CHIR99021, 8Br-cAMP, FGF4, 65 h MicroWells E3.5 blastocyst — Rivron et al. [13]
TSCs TGFB1, IL-11, heparin), 65 h
Mouse Naive ESCs & 0OCT4, NANOG, KLF4, TFCP2L1 FC (heparin, Fgf4, Y27632), 2 d; IVC,3 d 5d AggreWells (3 d) & non- E5.5 peri- E8.5 early Lau et al. [51]
iCdx2 ESCs & adherent 6 well (2 d) implantation organogenesis
iGata4 ESCs
Mouse Naive ESCs & 0CT4, NANOG, KLF4, TFCP2L1, FC, 2 d; IVC1, 3 d; DRH/EUCM, 3 d 8d AggreWells (2 d) & non- E5.5 peri- E8.5 early Amadei et al. [52]
TSCs & iXENs CDX2, SOX17 adherent 6-well (3 d) & implantation organogenesis
24-well, non-adherent
dish (2 d) & Roller system
(1d)
Mouse Naive ESCs OCT4, NANOG, KLF4, TFCP2L1 N2B27 (CHIR99021), 2-7 d 2-7d 96-well plates E6.5 early E8.5 early Beccari et al. [53]
gastrulation organogenesis
Mouse Naive ESCs & 0CT4, NANOG, KLF4, TFCP2L1 EUCM, 8 d 8d AggreWells (3 d) & Shaker E6.5 early E8.5 early Tarazi et al. [54]
iCdx2 ESCs & (1d)&EUCD (4d) gastrulation organogenesis
iGata4 ESCs
Human EPSCs & TSCs 0CT4, SOX2, NANOG, CDX2 N2B27 (Y27632, BMP4), 3 d; EPS medium & 6-11d AggreWells Blastocyst Peri-implantation Fan et al. [55]
IVC1,3d
Human EPSCs 0OCT4, SOX2, NANOG CHIR99021, Y27632, BMP4, FGF2, A83-01, 6d AggreWells Blastocyst Early post- Sozen et al. [56]
CHIR99021, Y27632, BMP4, FGF2 implantation
Human EPSCs 0CT4, SOX2, NANOG tHDM (FGF2, activin A, CHIR99021, PD0325901, 5-11d AggreWells (3 d) & non- Post-implantation Early organogenesis  Liu et al. [57]
CEPT), 1 d; tHDM (-CHIR99021), 2 d; IVC1, 2 d; adherent 6-well (4 d)
IVC2,4d
Human Naive ESCs 0CT4, NANOG, KLF4, TFCP2L1 N2B27 (PD0325901, A83-01, Y-27632), 3 d 3d Non-adherent 96-well Blastocyst - Yanagida et al. [58]
Human Naive ESCs OCT4, NANOG, KLF4, TFCP2L1 PALLY (PD0325901, A83-01, LPA, hLIF, Y-27632), 4d Non-adherent 96-well Blastocyst Implantation Kagawa et al. [59]
2 d; N2B27 (LPA, Y27632), 2 d
Human Naive ESCs OCT4, NANOG, KLF4, TFCP2L1 eHDM (bFGF, activin A, CHIR99021, CEPT), 2 d; 5-8d AggreWells Blastocyst Peri-implantation Yu et al. [60]
eTDM (PD0325901, A83-01, SB590885, WH-4-
023, hLIF, LPA, CEPT), 6 d
Human Naive ESCs OCT4, NANOG, KLF4, TFCP2L1 HDM (bFGF, activin A, CHIR99021), 2 d; TDM 8-9d AggreWells Blastocyst Early post- Yuetal. [61]
(PD0325901, A83-01, SB590885, WH-4-023, IM- implantation
12, CHIR99021, SB431542, hLIF, EGF), 7-8 d
Human Naive ESCs OCT4, NANOG, KLF4, TFCP2L1 N2B27 (NaPy), 2 d; BIM (PD0325901, A83-01, 7-21d AggreWells & MicroWells  Blastocyst Early gastrulation Karvas et al. [62]
WH-4-023, IM-12, VPA, thEGF), 5 d N2B27
(estradiol), 14 d
Human Naive ESCs & 0CT4, NANOG, KLF4, TFCP2L1 M1 (methylene blue, EGF, CHIR99021, A83-01, 8d AggreWells Peri-implantation Pre-gastrulation Ai et al. [63]
ExMs SB431542, VPA, Y27632), 8 d
Human Naive ESCs & 0CT4, NANOG, KLF4, TFCP2L1 N2B27 (Y27632), 2 d; hEUCM2 (B-estradiol, 8d AggreWells & Shaker CS6a post- Pre-gastrulation Oldak et al. [64]
iExMs progesterone), 6 d implantation
Human Formative ESCs 0CT4, NANOG, OTX2, DNMT3B SDM + mIVC2 6d AggreWells CS6a post- Pre-gastrulation Pedroza et al. [65]
implantation
Human Formative ESCs & OCT4, NANOG, OTX2, DNMT3B IvC1 4-8d AggreWells & ultra-low Post-implantation Pre-gastrulation Weatherbee et al.
iGATA3 ESCs & attachment 96-well [66]
iGata6 ESCs plates
Human Primed ESCs 0CT4, NANOG, FGF5, DNMT3B (IVC1:5iLAF:TSC=2:1:1: PD0325901, SB590885, 6d AggreWells & MicroWells  Peri-implantation Pre-gastrulation Tu et al. [67]
(primed-to-naive WH-4-023, CHIR99021, A83-01, SB431542, VPA,
transitioning EGF), 6 d
intermediates)
Human Primed ESCs 0CT4, NANOG, FGF5, DNMT3B mTeSR-1 5d Geltrex Post-implantation — Shao et al. [68]

amniotic sac
embryoids

(continued on next page)
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Table 1 (continued)

Reference

Advanced stage
modeled

Early stage modeled

Assembly methods

Culture

Key factors

Characteristic markers

Initial cell types

Species

duration

36 h

Early gastrulation Zheng et al. [69]

Post-implantation

EPI-like cysts (E6: FGF2, IWP2, LDN193189, Microfluidic

0CT4, NANOG, FGF5, DNMT3B

Primed ESCs

Human

SB431542, Z-DEVD-FMK), 36 h; A-ELS (E6:FGF2,

BMP4, NOGGIN, IWP2), 36 h; P-ELS (E6: FGF2,

BMP4), 36 h

Hislop et al. [70]

Gastrulation

Post-implantation

AggreWells

5d

mTeSR-1: Y27632,5d

0CT4, NANOG, FGF5, DNMT3B

Primed ESCs &
iGATA6 ESCs

Human

Hamazaki et al. [71]

Early organogenesis

Late gastrulation

96-well plates

120 h

NDiff 227: RA, CHIR99021, 1 d; NDiff 227, 1 d;

0CT4, NANOG, FGF5, DNMT3B
NDiff 227:RA, 3 d

Primed ESCs

Human

Gharibi et al. [72]

Early pre-

Post-gastrulation

Non-adherent 96-well

18d

mTeSR, —3 d; BMP4, -2 d; CHIR99021, -1 d; E6:

Y27632, 2 d; E6,16 d

0OCT4, NANOG, FGF5, DNMT3B

Primed ESCs

Human

organogenesis

Liu et al. [73]

Somitogenesis

Microfluidic

6d

The rostral (BM:RA, PD173074), 6 d; the caudal

(FGF8CHIR99021, LDN-193189), 6 d

0CT4, NANOG, FGF5, DNMT3B

Primed ESCs

Human

Li et al. [74]

Gastrulation

Peri-implantation

AggreWells

7-17d

HDM (bFGF, activin A, CHIR99021), 2 d; mTDM
(PD0325901, A83-01, CHIR99021, SB431542,

SOX2, NANOG, KLF17, KLF4

Naive ESCs

Macaca fascicularis

IWR-1, TSA, DZNep, LIF, activin A, EGF, VPA), 5 d;

IVC1,1d;1vC2,9d

Pinzon-Arteaga et al.

[75]

Early post-hatching
stage

Early blastocyst

AggreWells & 3D culture

bioreactor

4-16d

tFACL+PD (LIF, FGF2, PD032590, Chir99021,

EPSCs & TSCs 0CT4, SOX2, NANOG, CDX2
CEPT)

Bovine

Xiang et al. [76]

Early post-hatching

stage

Early blastocyst

Ultra-low attachment
multiple well plates

6-18d

4FXY (hIL-6, hIL-6R, activin A, hIGF1, XAV939, Y-
27632), 2 d; iBlastoid (XAV939, SB431542, Y-

27632, DZNep, TSA), 5-7 d

0CT4, NANOG, FGF5, DNMT3B

Primed ESCs

Porcine

Cao et al. [77]

Early blastocyst

AggreWells

6d

HDM (bFGF, activin A, CHIR99021) 3 d; N2B27-

aggregation medium, 3 d

Primed ESCs & 0CT4, SOX2, NANOG, CDX2

iCDX2 ESCs

Ovine
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2.2.1. Methods for constructing embryo models

2.2.1.1. Self-organization techniques. Self-organization is a fascinat-
ing biological process in which components interact to form
ordered structures or patterns without the need for external direc-
tion (Fig. 2). This process is crucial in embryonic development,
where it guides cells to differentiate and organize into the complex
structures of a mature organism [104]. In biological systems, mul-
ticellular self-organization involves a combination of self-
assembly, self-patterning, and self-driven morphogenesis; these
processes involve the spontaneous formation of structures, pattern
emergence from homogeneous cell aggregates, and tissue shape
development through intrinsic mechanics, respectively [101]. The
geometric arrangement of cells and the spatial constraints they
encounter can influence their fate, as seen in the early stages of
mouse embryogenesis [105]. Cellular heterogeneity and gene edit-
ing, where cells express different levels of determinants, can drive
the symmetry breaking needed for timely decisions on cell fate
[106,107]. Feedback loops from biochemical signaling further help
maintain and develop these cellular destinies, with mechanisms
such as the Hippo/YAP and Notch pathways playing crucial roles
in regulating cell polarity and position [108-110]. The reaction dif-
fusion mechanism, as proposed by Alan Turing, can lead to the
spontaneous formation of patterns from an initially uniform field,
driven by short-range activation and long-range inhibition
[101,111]. Additionally, cells can exist in bistable or multistable
states, allowing them to switch between different stable condi-
tions, often governed by mutually inhibitory feedback loops
[112]. Apoptosis also plays a role in self-organization by clearing
mispositioned cells, ensuring that tissue patterning proceeds cor-
rectly [113]. Mechanotransduction, the ability of cells to sense
and respond to mechanical cues, is another key factor in tissue
morphogenesis [114]. Finally, cell movement and sorting, driven
by differential adhesion and chemotaxis, contribute to the orga-
nized arrangement of cells in tissues [115]. A nonadherent
suspension-shaking culture system allows in vitro reconstruction
of SCBEMs using two or three stem cell types, providing a robust
model for studying embryogenesis, cell recognition, tissue regener-
ation, and embryo implantation [116]. With the continuous
advancement of 3D culture technology, embryonic and adult mam-
malian stem cells exhibit a remarkable inherent ability to self-
organize, leading to the generation of organoids that accurately
replicate the essential structural and functional properties of
organs such as the kidney, lung, intestine, brain, and retina
[102]; thus, these cells have immense potential for modeling
human organ development and disease.

2.2.1.2. 3D culture systems. 3D culture systems have revolutionized
the field of stem cell research by providing a more physiologically
relevant environment for stem cell differentiation and organization
(Fig. 2). These systems, including bioreactors, hydrogels, and
microfluidic devices, facilitate the creation of complex tissue archi-
tectures and offer unprecedented control over cellular microenvi-
ronments [117]. Bioreactors are engineered systems that
simulate the in vivo environment to support the growth and differ-
entiation of stem cells. They allow for precise control over param-
eters such as oxygen tension, pH, and nutrient supply, which are
critical for directing stem cell fate. Bioreactors have been used to
culture stem cell-derived embryo models, supporting their devel-
opment into organized tissue structures resembling those of native
organs. Their application in long-term culture provides a platform
for studying late-stage organogenesis and functional maturation of
tissues [118]. Hydrogels, another 3D culture system, are composed
of cross-linked polymer networks that can encapsulate stem cells
within a hydrated matrix. These systems mimic the extracellular
matrix (ECM), providing mechanical support and biochemical cues
for cell growth and differentiation. Hydrogels can be tailored to
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Fig. 2. Construction methods for embryo models. This figure outlines three major strategies for embryo model construction: (a) self-organization techniques, (b) 3D culture
systems, and (c) biomaterials. Panel (a) shows that cells can form embryo-like structures through self-assembly, self-patterning, and self-driven morphogenesis, processes
influenced by geometric constraints, cellular heterogeneity, feedback signaling, mechanotransduction, apoptosis, and cell movement. Panel (b) presents 3D culture platforms
that support embryo model formation, including bioreactors, hydrogels, and microfluidic devices, which provide controllable oxygen, pH, mechanical, and chemical gradient
conditions. Panel (c) summarizes the roles of natural and synthetic biomaterials in embryo model construction; these materials not only provide structural support and ECM-
like environments but also regulate cell fate and tissue organization through mechanical and microenvironmental cues. Created with BioRender.com.

have specific mechanical properties and degradation rates, making
them ideal for studying how physical forces influence stem cell
behavior. In the context of embryo models, hydrogels have been
used to study early lineage commitment and tissue patterning
[107,119,120]. Microfluidic devices offer a high degree of spatial
and temporal control over cellular microenvironments. These
devices can create defined geometric shapes, gradients of biochem-
ical factors, and fluid flow conditions that are essential for studying
complex signaling pathways during embryogenesis [73]. Microflu-
idic systems have been instrumental in modeling human Epi and
amnion development, allowing precise spatial patterning during
embryogenesis [69]. They provide a platform for studying cell fate
decisions, morphogenesis, and tissue interactions in a controlled
manner. Each of these 3D culture systems has unique principles
and applications. Bioreactors provide a dynamic and controlled
environment for long-term tissue development, hydrogels offer
more passive, matrix-like support for cell growth, and microfluidic
devices allow precise spatial and temporal control over cellular
microenvironments. Together, they provide a comprehensive
toolkit for studying stem cell differentiation and tissue organiza-
tion in vitro.
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2.2.1.3. Biomaterials for embryo models. Biomaterials play a pivotal
role in SCBEMs, providing a supportive microenvironment that
emulates the natural ECM [121,122] (Fig. 2). By harnessing the
potential of biomaterials, researchers have developed 3D scaffolds
that foster better cellular organization and function, which is
essential for tissue repair and regeneration. For instance, ther-
mosensitive hydrogels, such as those derived from chitosan, offer
injectable scaffolds that transition from liquid to gel at body tem-
perature, providing an ideal environment for stem cell delivery and
tissue integration [123]. Collagen, fibronectin, and matrigel are
natural polymers that have been widely used as substrates for
PSC cultures, providing the necessary biocompatibility and
biodegradability. Synthetic polymers, such as polyacrylamide gels,
offer tunable mechanical properties and cost-effective alternatives
to natural substrates [124,125]. Hydrogel-based scaffolds are bio-
compatible, which is a critical factor in tissue engineering as the
material must coexist with the recipient without causing damage
[118,126]. The choice of biomaterials is essential in designing
and producing scaffolds that elicit minimal to no immune
response, a key concept in tissue engineering [127,128]. The syner-
gistic potential of stem cells and microfluidics in regenerative
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medicine has been notably advanced by the use of microfluidic
platforms that enable precise control over microenvironments
[129]. These platforms, when integrated with various methods,
increase cell viability and differentiation, significantly advancing
stem cell research at the microscale [1]. The mechanistic microen-
vironment of stem cells is profoundly influenced by the mechanical
properties of the underlying biomaterials. Mechanical stretching,
for example, can reduce phosphorylated inhibitor of nuclear factor
kappa-B (NF-kB) (IxB) kinase, block NF-xB activity and promoting
osteogenic differentiation. Fluid shear stress can also upregulate
the expression of osteoprotegerin (OPG) and osteogenic markers
in cells [130-132]. Hydrogels combined with 3D printing technol-
ogy can form biological scaffolds with good biocompatibility,
mechanical properties and vascularization ability [133]. Biomateri-
als are essential for advancing SCBEMs, offering not only a con-
ducive environment for stem cell growth and differentiation but
also tools for understanding the intricate mechanical aspects of
embryonic development.

2.2.2. Embryo models at different developmental stages

Just as the pluripotency of embryonic cells serves as an inherent
measure of stem cell pluripotency, the study of embryonic devel-
opment provides a comprehensive framework for understanding
the spatiotemporal dynamics of cell-to-cell interactions and tissue
organization that are crucial for constructing SCBEMs. In this sec-
tion, we discuss the latest advancements in embryonic models at
various developmental stages while considering the intricate pro-
cess of embryonic development (Fig. 3 and Table 1).

2.2.2.1. Modeling blastocyst development. From fertilization to blas-
tocyst formation, early embryonic development in mammals
involves a series of ordered cell fate decisions and symmetry-
breaking events, demonstrating autonomy and self-organization
[134,135]. The blastocyst is composed of a TE enveloping the blas-
tocoel and an ICM. Second lineage differentiation occurs during the
formation of the ICM, giving rise to the Epi and Hypo [136]. The Epi
will develop into the fetus, whereas the Hypo and TE give rise to
the yolk sac and placenta, respectively, representing the first three
lineages of early embryonic development.

Considering geometric constraints is a pivotal strategy for
increasing cell cell interactions and self-organization in mouse
stem cells. Consequently, this technique facilitates the generation
of mouse blastocyst models (known as blastoids) that exhibit
diverse degrees of resemblance to mouse blastocysts with respect
to their morphological characteristics, lineage compositions, orga-
nization, and gene expression patterns [12-16]. Although mouse
blastoids can initiate a process resembling implantation and
induce decidualization upon transfer into the uteri of pseudopreg-
nant mice, their growth or development is significantly impeded
prior to absorption [13-15]. This observation indicates that mouse
blastoids exhibit morphological resemblance but cannot substitute
normal embryos in terms of developmental potential. The success-
ful generation of mouse blastoids offers valuable insights for the
investigation of blastocyst models in humans [55,56,58-61] and
other mammals [74-76]; these SCBEMs encompass the three dis-
tinct lineages found in early blastocysts and exhibit varying
degrees of resemblance to normal embryos in terms of morphology
and global gene expression.

2.2.2.2. Modeling peri-implantation development. During the peri-
implantation period, significant differences in the development of
the Hypo exist among humans, mice, pigs, sheep, and cows. In
mice, the Hypo plays a pivotal role in early embryonic patterning
and axis determination [137]. It forms a polarized epithelium
beneath the Epi and is involved in the formation of the anterior vis-
ceral endoderm (AVE), which secretes antagonists of the BMP,
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WNT, and Nodal pathways [138]. In contrast, the human Hypo is
more similar to that of pigs, sheep, and cows, where it forms a con-
tinuous, polarized cuboidal epithelium beneath the Epi and trans-
forms into the parietal endoderm, lining the cytotrophoblast and
contributing to primary yolk sac formation [82,83,125,139-141].
This process is distinct from that in rodents, where the role of
the Hypo is more focused on patterning rather than yolk sac devel-
opment [142]. Pigs, sheepb and cows exhibit rapid elongation of
the trophoblast and Hypo within the uterus, a process not observed
in rodents and primates [83,140,141]. Another significant differ-
ence is in the way the embryos are implanted in the uterus. Human
embryos are implanted around E7 with a decidua placenta, featur-
ing invasive trophoblasts that directly engage with maternal blood
for efficient nutrient exchange. In mice, invasive placental tro-
phoblasts that penetrate the uterine lining to establish a direct
fetomaternal connection are implanted at E4.5 [139]. In contrast,
pigs and cows are implanted from E14-E16 with epitheliochorial
placentas; pigs have a diffuse placenta with less invasive tro-
phoblasts that require a multilayered barrier for nutrient transfer,
whereas cows have cotyledonary placentas with multiple lobes
attached to the uterus for material exchange [141]. Sheep implan-
tation is similar to that in cows and relies on noninvasive adhesion
between the embryo and endometrium [140]. These differences
highlight the species-specific adaptations in embryonic develop-
ment and the challenges associated with SCBEM formation.

The development of in vitro post-implantation embryo culture
systems provides a valuable tool for investigating the progression
from pre- to post-implantation embryo development and estab-
lishing corresponding models [54,143-147]. In an engineered 3D
culture system tailored for embryos, human blastoids exhibit char-
acteristics reminiscent of the initial phases of post-implantation
development, which includes spontaneous differentiation and the
co-development of embryonic and extraembryonic lineages
[63,65,66,97] and encompasses the establishment of an amniotic
cavity and primary yolk sac [68,148], anterior-posterior symmetry
breaking [149], Epi lumenogenesis, differentiation and expansion
of the trophoblast lineage [64], and the extraembryonic endoderm
and mesoderm niche with early hematopoiesis [70], as well as the
emergence of cells undergoing gastrulation, early neurulation and
organogenesis [57,62,67]. Mouse TBLCs support a single-cell-
initiated blastocyst formation system, and they can further develop
into ovoid blastoid structures at the post-implantation stage,
thereby recapitulating the entire developmental process from
ZGA to blastocyst formation [50]. These advancements signifi-
cantly increase the understanding of peri-implantation lineage dif-
ferentiation and fate determination in embryos, elucidate the
mechanisms underlying embryo implantation, and elucidate cell-
cell signaling pathways and interactions. Consequently, this sys-
tem provides a crucial model and tool for in-depth investigations
into early human embryo development.

2.2.2.3. Modeling gastrulation and early organogenesis. Gastrulation
and early organogenesis in mammalian embryos are critical stages
of development, involving the formation of the three germ layers
(ectoderm, mesoderm, and endoderm) from the Epi, which then
differentiate and organize into organ primordia [125]. During gas-
trulation, cells ingress through the primitive streak to establish
body axes and break symmetry, leading to anterior-posterior and
dorsal-ventral axis formation. Organogenesis subsequently
involves complex processes of cell fate determination, migration,
and differentiation, in which precise genetic and epigenetic regula-
tory networks guide the differentiation of distinct cell lineages into
various tissues and organs, ultimately leading to the transforma-
tion of a single cell into a complex multicellular organism
[135,150]. Several developmental events in this process are not
fully understood. The specific mechanisms underlying how the
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Fig. 3. Effects of stem cell pluripotency on the in vitro development of embryo models. The upper panel shows mouse development, and the lower panel shows human
development, with timelines indicating developmental stages and representative embryonic morphologies. The colored arrows denote the in vitro developmental windows
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embryonic models reconstructed with different stem cells is based on the statistics of published research and does not represent their developmental limits. TS: theiler stage;
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endoderm transitions to the definitive endoderm and its role in the
development of the definitive yolk sac in humans remain unclear
[118]. The origins and genetic and molecular mechanisms underly-
ing the specification of human primordial germ cells (PGCs), partic-
ularly whether they arise from the amniotic ectoderm or somatic
Epi, are still a matter of debate [151,152]. Additionally, the precise
orchestration of cell movements and tissue interactions that lead
to the formation of the primitive streak and the subsequent orga-
nization of germ layer lineages during human gastrulation have
not been completely elucidated [153]. These gaps in knowledge
highlight the complexity of early mammalian development and
the need for in vitro models to elucidate the underlying cellular
and molecular processes.

Significant advancements have been made in the field of gas-
trulation and organogenesis modeling using SCBEMs, which have
provided critical insights into human embryonic development. A
key breakthrough was the development of mouse, monkey, and
human gastruloids, which are 3D structures that mimic the early
stages of gastrulation and organogenesis and allow researchers to
study the formation of the primitive streak and differentiation of
the germ layer [53,57,71,74,154,155]. The integration of bioengi-
neering tools, such as hydrogel substrates with tunable mechan-
ical stiffness and microfluidic gradient devices, has enabled the
investigation of biophysical and biochemical signals during gas-
trulation and axial patterning [69,73]. Additionally, the progres-
sion of embryo models into early organogenesis stages through
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ex vivo culture, despite its low efficiency, is a significant step
toward understanding organ formation [64,156]. Furthermore,
the establishment of human 3D gastruloids that undergo axial
elongation with spatial organization of the three definitive germ
layers has provided a platform for studying human embryogene-
sis [51,52,157,158]. The 4CL (four chemicals + LIF)-blastoids
established using naive hPSCs derived from the 4CL culture sys-
tem simulate continuous developmental events from blastocyst
formation to early gastrulation development [159]. Post-
gastrulation amnioids (PGAs) are 3D models capable of simulating
human embryo development up to the 4-week stage. This model
overcomes the limitations of existing models, which can only
simulate the early gastrula stage (13-14 days), and provides a
novel platform for studying amnion formation, yolk sac develop-
ment, and embryo-amnion interactions [72]. These advancements
not only enhance the understanding of the molecular and cellular
processes underlying human development but also hold promise
for advancements in regenerative medicine and organ
engineering.

2.2.3. Validation and assessment of the models

The validation and assessment of SCBEMs in the context of
embryonic development necessitate a comprehensive approach
to ensure the precision and reliability of these models. First, cel-
lular and molecular validation can be achieved by comparing the
transcriptomic profiles of model cells with those from actual
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embryos and utilizing single-cell RNA sequencing technologies to
analyze gene expression patterns [61,160]. The evaluation of
morphological and structural features involves observing key
developmental milestones such as germ layer formation and
the emergence of the primitive streak. Advanced imaging tech-
niques are used to ensure that the model resembles the natural
embryo in terms of shape and organization [62,73,161]. Assess-
ing functional and dynamic processes involves monitoring the
developmental dynamics of the models, including cell migration,
differentiation, and tissue formation. This requires a model to
simulate the real-time developmental processes of natural
embryos to validate their functional similarity [162,163]. The
reconstruction of spatial and temporal patterns can be conducted
using lineage tracing techniques, which help researchers under-
stand how cells are organized in space and time to form specific
embryonic structures [164]. Testing for specific cellular functions
and communications is necessary to ensure that model cells per-
form their corresponding functions as they do in natural
embryos. This testing includes the assessment of intercellular
signaling and metabolic activities [102]. The long-term stability
and reproducibility of the models are critical, requiring that
the models remain stable under long-term culture conditions
and reproduce the same results across multiple independent
experiments [60,165]. Ensuring that the development and use
of the models comply with ethical guidelines and regulations
is imperative. This compliance includes adhering to guidelines
provided by organizations such as the International Society for
Stem Cell Research (ISSCR), ensuring that research is conducted
within ethical and legal frameworks [103,166]. Finally, techno-
logical advancements and innovation should be harnessed to
improve the complexity and physiological relevance of the mod-
els. This process may include the use of cutting-edge bioengi-
neering techniques, such as 3D printing and synthetic biology,
to enhance the construction and functionality of the models
[117].

3. Application of SCBEMs in embryo development research and
clinical applications

3.1. Exploration of developmental mechanisms

SCBEMs have revolutionized exploration of the intricate mech-
anisms of early embryonic development. These models provide a
platform for studying self-organization and patterning in vitro,
which are otherwise challenging to access in live embryos. For
instance, the self-organization of human embryos in the absence
of maternal tissues has been demonstrated, offering insights into
the intrinsic mechanisms guiding early development [162,167].
Moreover, the generation of well-organized germ layers from sin-
gle or multiple mouse ESCs has provided valuable insights into
the fundamental principles underlying pattern formation and spec-
ification of germ layers [69,116,168]. The assembly of embryonic
and extraembryonic stem cells to mimic embryogenesis in vitro
has also been achieved, providing a system for studying early
developmental events [169,170]. SCBEMs have great potential for
complex orchestration of anatomic development processes, includ-
ing axis formation and symmetry disruption, which is critical to
understanding mammalian development (Fig. 4) [171].

3.2. Disease model construction

SCBEMs are being increasingly utilized to construct disease
models and study the developmental origins of various conditions
(Fig. 4). For example, 3D reconstitution of the patterned neural
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tube from ESCs has been used to model neural tube defects, a com-
mon class of congenital disorders [156,172,173]. The generation of
human-pig chimeric renal organoids using iPSC technology has
demonstrated interspecies coexistence and development during
early kidney development, paving the way for the generation of
humanized xenogeneic kidneys for clinical use [174]. Breast cancer
modeling is among the most important applications of human and
mouse mammary gland organoids [175,176]. In common farm ani-
mals such as dairy cows and sheep, mammary organoids can serve
as in vitro models for drug screening related to breast diseases, as
bioreactors for the production of valuable proteins, and as experi-
mental platforms for studying the mechanisms and genetic func-
tions underlying mammary gland development. The use of brain
organoids as models for human brain development and diseases
holds significant value in the study of neurodevelopment, as well
as in the investigation of neurodegenerative disorders such as
Parkinson’s disease and Alzheimer’s disease [177]. These models
not only advance our understanding of disease etiology but also
provide platforms for testing therapeutic interventions [100,102].

3.3. Regenerative medicine research

In the field of regenerative medicine, SCBEMs hold significant
promise for both lineage differentiation and organogenesis mecha-
nisms and for xenogeneic chimerism and cross-species organ gen-
eration (Fig. 4). SCBEMs serve as optimal in vitro systems for
studying the fundamental rules of early lineage specification, mor-
phogenesis, and the initial steps of organ formation—knowledge
that is essential for any future rational engineering of tissues. For
instance, “mini glands” derived from mouse mammary stem cells
have successfully formed functional in vitro organoids that mimic
branching, lactation, and regression functions [178]. Through the
“Curating Stem Cells to Generate Organoids of Mammary Lineage
(CUSTOM)” system, mouse ESCs have been induced to differentiate
into multilineage mammary organoids, which secrete milk pro-
teins upon prolactin stimulation and serve as strong evidence that
embryonic stem cell-derived mammary organoids possess func-
tional differentiation capacity [179]. Studies have also shown that
stem cells can be directed to form structures resembling the gut
tube, a critical step toward engineering digestive tissues [52,180].
Stem cell-derived cardiomyocyte models have demonstrated
remarkable efficacy in investigating inherited arrhythmias, thereby
advancing regenerative therapies for cardiac diseases [181,182].
Recent research has indicated that mechanical forces acting on
stem cells can influence their behavior and microenvironmental
characteristics, thereby shaping tissues, which is a phenomenon
that may hold therapeutic significance for promoting tissue forma-
tion and functional recovery [183]. The ability to model somitoge-
nesis and organogenesis in SCBEMs provides options for studying
muscle and skeletal development, which are integral to regenera-
tive medicine applications [157,184]. These models facilitate the
investigation of tissue morphogenesis and the development of
regenerative strategies for a wide range of diseases and injuries
[185].

Moreover, xenogeneic embryo and organ chimerism are
another key application scenario that highlights the direct and sub-
stantial value of SCBEMs. Using SCBEMs to elucidate the funda-
mental mechanisms of xenogeneic chimerism—such as cell
competition, lineage compatibility, and developmental timing syn-
chronization—helps reveal the conservation and species specificity
of mammalian development [186-188]. Improving the contribu-
tion efficiency of human cells in animal embryo models will pro-
vide indispensable scientific evidence and a technical reference
for the ultimate goal of cultivating transplantable humanized
organs in large animals [189].
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3.4. Drug screening platform

SCBEM:s offer a novel platform for drug screening, providing a
more physiologically relevant alternative to traditional two-
dimensional (2D) cell cultures (Fig. 4). A logical network-based
drug screening platform for Alzheimer’s disease, representing
pathological features of human brain organoids, has been estab-
lished, allowing for the identification of potential therapeutics
[190-195]. Sildenafil was prioritized because of its established
clinical safety profile. Experiments confirmed that it rescues mito-
chondrial membrane potential defects in a dose-dependent man-
ner, restores neurodevelopment-related pathways, and
normalizes abnormal calcium responses in Leigh syndrome brain
organoids. These findings were further supported by mammalian
models and off-label treatment in patients [196]. The possibility
of creating organoids from primary tumors in the colon, prostate,
and pancreas has been proven by successfully establishing human
organoids. This remarkable progress offers a distinct opportunity
to perform functional evaluations and correlate these discoveries
with the precise genetic makeup of individual tumors
[100,102,197]. In the field of cardiology, cardiac organoids and con-
structs are proving to be reliable models for testing drug effects at
the molecular, morphological, electrophysiological, and mechani-
cal levels. The maturity of human cardiac organoids is crucial for
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their application as model systems, while the integration of neu-
ronal components into these organoids offers a potential approach
for studying autonomic nervous function [198-200]. In reproduc-
tive medicine, a 3D microfluidic implantation model integrating
human blastoids or blastocysts with bioengineered endometrioids
enabled screening of 1119 US Food and Drug Administration
(FDA)-approved compounds in recurrent implantation failure
(RIF), leading to the identification of patient-specific candidate
compounds, including avobenzone, vasopressin, dipotassium
ethylenediaminetetraacetic acid (K,EDTA), and ruxolitinib phos-
phate, that improved implantation-related phenotypes [201]. Col-
lectively, these advances highlight the growing value of SCBEMs
in drug screening, mechanistic studies, and precision therapeutic
discovery.

3.5. Breeding of livestock and poultry

SCBEMs are receiving increasing attention in the field of live-
stock reproduction and breeding, with the establishment of various
domestic animal ESCs (Fig. 4) [82-84,202,203]. The integration of
stem cell technology with gene editing has provided new options
for the genetic improvement of livestock, leading to the develop-
ment of new breeds characterized by high productivity, superior
quality, and disease resistance [204]. This approach leverages the
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potential of stem cells to enhance genetic traits and overcome tra-
ditional breeding limitations. The derivation of ESCs from embryos
with high genetic value is a significant advancement in “stem cell
breeding.” By using genomic selection and sex control to identify
the most desirable genetic combinations, these ESCs can be
induced to differentiate into oocytes and sperm in vitro. These
gametes can subsequently be used for in vitro fertilization (IVF)
to generate a new round of embryos, thus accelerating the breed-
ing process and enhancing genetic gain [205]. Furthermore, the
construction of livestock animal SCBEMs facilitates the dissection
of embryonic development and morphogenesis mechanisms in
livestock. This understanding is crucial for devising novel strate-
gies for efficient reproduction and disease prevention in livestock,
potentially leading to significant advancements in animal hus-
bandry [75,76]. The establishment of SCBEMs also provides a
new source of seed cells for the production of cell-cultured meat,
which is considered a sustainable and environmentally friendly
alternative to traditional livestock farming. Currently, numerous
studies focus on muscle [206-208] and adipose [209-211] orga-
noids with the aim of simulating the structural and functional
properties of native tissues. By combining PSC differentiation
methods with organoid culture techniques, complex tissue archi-
tectures resembling natural meat can be generated by coculturing
multiple types of differentiated cells or generating multiple cell
types [207,212], such as muscle cells, fibroblasts, and endothelial
cells, simultaneously through the use of codifferentiation strate-
gies. This development complements conventional animal agricul-
ture by offering a more ethical and eco-friendlier option for meat
production [213]. SCBEMs offer a transformative approach to live-
stock reproduction and breeding, with implications that extend
beyond genetic improvement to include the development of sus-
tainable food systems and the enhancement of animal welfare
standards. As research in this field progresses, the potential appli-
cations of stem cell technology in livestock production are
expected to expand, contributing to global food security and agri-
cultural sustainability.

4. Challenges and prospects

The development of SCBEMs is greatly promising for fundamen-
tal research and clinical translation. However, significant chal-
lenges remain. Addressing these limitations through
technological and methodological innovations is the primary
future direction for the field. This section outlines key challenge-
future direction pairs (Fig. 5).

4.1. Cell sources, model complexity, and physiological relevance

Challenge: The foundation of SCBEMs is constrained by limita-
tions in cell sources and types. Variability in pluripotency and dif-
ferentiation potential among different stem cell lines leads to
inconsistencies in model outcomes [214]. Furthermore, current
models often do not replicate the intricate cellular arrangements,
signaling interactions, and functional characteristics of natural
embryos, limiting their physiological relevance for disease model-
ing [125,215].

Future direction: To overcome these hurdles, future efforts
must focus on elucidating the regulatory mechanisms of pluripo-
tency across diverse stem cell types and establishing robust deriva-
tion protocols [117,118]. Enhancing model complexity and
physiological relevance will involve integrating multiple cell types
and utilizing advanced biomaterials and engineering techniques to
create environments that mimic in vivo conditions. For instance,
combining blastocysts/blastoids with endometrium-like tissues
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can lead to the establishment of a 3D implantation model
[201,216,217]. By integrating microfluidic concentration gradient
generators, stable and tunable spatial gradients of morphogens
(e.g., WNT and BMP) can be established around the embryo model
to precisely guide the regional differentiation of cell fate [218].
Simultaneously, specialized microfluidic channels can be designed
to allow culture medium to flow over the model at controlled rates,
simulating the shear stress experienced by embryos in vivo due to
amniotic fluid flow or early cardiovascular system formation,
thereby facilitating the study of the impact of mechanical forces
on tissue morphogenesis and cell differentiation [219]. Gene edit-
ing technologies such as clustered regularly interspaced short
palindromic repeats (CRISPR)-CRISPR-associated protein 9
(CRISPR-Cas9) will be crucial for creating disease-specific models
to study genetic contributions to development and for testing ther-
apies [220]. These models can be engineered to carry specific
mutations or gene knockouts, providing a platform to study the
effects of genetic alterations on embryonic development and to
test potential therapeutic interventions. This approach has the
potential to transform our understanding of congenital diseases
and to facilitate the development of personalized medicine
[100,102,221-223].

4.2. Efficiency, reproducibility, and standardization

Challenge: The widespread adoption of SCBEMs is hampered by
low efficiency in generating desired structures and a lack of repro-
ducibility across studies. This challenge is compounded by the
absence of uniform protocols and validation benchmarks, making
cross-study comparisons difficult [117].

Future direction: Achieving reliability requires the development
and widespread adoption of standardized protocols for cell culture
and model generation, in which the following six core parameters
must be prioritized and systematically controlled: The foremost
factor is the use of well-defined, homogeneous PSCs as the starting
cell source to ensure controllability at the origin. Second, standard-
ized cell seeding density and aggregate size are crucial for deter-
mining self-organization efficiency and correct lineage
proportions [224]. Third, the physical properties of the ECM, partic-
ularly its stiffness, influence cell behavior through mechanical sig-
naling [225]; the optimal matrix stiffness for constructing a 3D
environment should be determined by concentration gradient test-
ing, with reference to the tissue stiffness of the corresponding
developmental stage in vivo [226]. Fourth, the precise concentra-
tion and induction timing of cytokines (such as WNT and Nodal)
directly determine lineage specification and developmental pro-
gression, where minor fluctuations can lead to aberrant outcomes,
necessitating strict definition and control [227]. Fifth, the oxygen
tension of the culture environment is critical for mimicking phys-
iological in vivo conditions, maintaining pluripotency, and support-
ing subsequent developmental stages (physiological oxygen
conditions (-5% O,) are recommended) [228]. Finally, batch-to-
batch variability of matrix materials (e.g., hydrogels) is a major
technical challenge affecting reproducibility, making it necessary
to establish quantitative validation criteria for each batch (e.g.,
stiffness and efficiency in forming patterned structures) [103]. In
summary, to ensure reproducibility, the following six core param-
eters should be prioritized and systematically controlled: cell
source, seeding density, matrix stiffness, cytokine concentration
and timing, oxygen tension, and batch validation of the matrix;
incorporating these parameter details into the experimental plan
and subsequent reporting will be the foundation of standardization
work. Implementing robust validation processes to assess model
fidelity is essential for scientific credibility [103,229]. Advanced
bioengineering tools, such as microfluidic devices and 3D bioprint-
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ing, offer precise control over the cellular microenvironment,
which can significantly improve both the consistency and com-
plexity of models [197,230-233].

4.3. Long-term cultivation and functional maturation

Challenge: A major technical barrier is sustaining SCBEM devel-
opment beyond the early stages, which restricts the study of later
embryogenesis and organogenesis. Many models also lack the
functional maturation necessary for applications such as drug test-
ing [234,235].

Future direction: Improving long-term culture outcomes will
depend on developing advanced bioreactor systems that provide
a more physiological environment and optimizing culture media
with supportive extracellular matrices. The establishment of
in vitro culture systems has successfully extended the in vitro
development time of primate and mouse embryos to the stages
of gastrulation and early organogenesis. This technology, when
combined with embryo-like models, has significantly expanded
the boundaries of in vitro simulations of embryonic development
[51,52,146,147]. Recent progress in creating vascularized orga-
noids that can be perfused in vivo points toward a promising strat-
egy for enhancing maturation and functionality [236]. Continued
advancements in biomaterials are expected to yield models with
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tissue architecture and function closer to those of natural embryos,
improving their utility in drug screening and regenerative medi-
cine [220,237].

4.4. Integration of advanced technologies: Bioengineering and artificial
intelligence (Al)

Challenge: Manually replicating and analyzing the dynamic,
multiscale processes of embryogenesis is inherently limited.

Future direction: The field is poised for transformation through
deeper integration with cutting-edge technologies. Bioengineering
strategies, including microfluidics and 3D printing, are enabling
the creation of more complex models that recapitulate key devel-
opmental landmarks [238,239]. These technologies allow for pre-
cise control over the cellular microenvironment, leading to
improved spatial and temporal regulation of developmental pro-
cesses. For instance, microfluidic-based models have successfully
recapitulated key landmarks of human peri-implantation develop-
ment, including the formation of a bipolar embryonic sac and the
specification of PGCs and gastrulating cells [69]. As bioengineering
techniques continue to evolve, they will likely enhance the ability
to study and direct embryonic development in vitro [233,237].
Furthermore, the integration of Al and machine learning is a
powerful frontier. Machine learning technologies and Al can be
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utilized to predict and track embryoid morphogenesis and fate
determination. The integration of Al and automation will enable
precise prediction of patient-specific responses, particularly in
immunotherapy. Al-driven multiomics analysis will contribute to
optimizing immunotherapy regimens, discovering novel immune
biomarkers, and guiding the development of targeted therapies
[240]. The integration of organoids with Al represents an emerging
field within organoid research. By connecting these organoids to Al
systems, researchers aim to develop more complex and accurate
models of human organ functions and disease mechanisms. This
approach has the potential to provide powerful tools for drug dis-
covery, disease diagnosis, and treatment development, offering
deeper insights into the intricate biological systems of various
types of organoids [241-243].

4.5. Ethical, regulatory, and societal considerations

Challenge: SCBEMs face multifaceted challenges at the ethical,
regulatory, and societal levels. Ethically, the core debate centers
on defining their moral status, specifically whether they should
be regarded as “embryos” and accorded corresponding protections,
especially when their simulation capabilities approach those of
real embryos. Concurrently, research carries potential risks related
to sentience and moral harm, and while the 14-day rule has been
relaxed, international consensus strictly prohibits implanting these
models into a uterus or culturing them to stages that might possess
sentient potential, although specific time limits and criteria remain
to be clarified [229]. Regulatorily, global oversight is fragmented
and lacks uniform legislation. The United States relies on the
National Institutes of Health (NIH) funding policies and institu-
tional review under ISSCR guidelines; Europe is constrained by
varying embryo protection laws across member states, and China
primarily follows international guidance. Societally, public under-
standing and trust are crucial, necessitating transparent scientific
communication to balance expectations for innovation with ethical
concerns [244].

Future direction: Responsible progress in this field necessitates
proactive and ongoing efforts. Future directions will focus on
building more nuanced and adaptive governance frameworks. Eth-
ically and regulatorily, international collaboration should be pro-
moted to develop risk-based classifications of stem-cell embryo
models grounded in scientific evidence (e.g., structure, gene
expression, developmental potential) and to establish matching
review and oversight procedures [214]. With respect to societal
engagement, sustained dialog among scientists, ethicists, policy-
makers, and the public is essential to reach social consensus on
acceptable research boundaries, thereby building and maintaining
public trust. Moreover, for the application of organoids in thera-
peutic testing, regulatory agencies (such as the FDA, European
Medicines Agency (EMA), and National Medical Products Adminis-
tration (NMPA)) are actively incorporating them into existing drug
development and evaluation systems, offering a potential pathway
for the translation of embryo-model-related technologies.

5. Discussion

This review offers three key conceptual advances in the rapidly
evolving field of SCBEMs. First, it establishes a foundational per-
spective by tracing the logical sequence of model construction
directly to the intrinsic developmental properties of the source
stem cells. We argue that the initial developmental stage that a
SCBEM can emulate is principally defined by the potency of its cel-
lular building blocks and that the coordinated assembly of differ-
entially lineage-committed cells is critical for achieving
structural and functional integrity. Second, to resolve persistent
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nomenclature and conceptual inconsistencies, we introduce a stan-
dardized “potency-state-lineage” 3D classification framework for
embryo-derived stem cells. This axis provides a coherent diagnos-
tic lens for evaluating the inherent capabilities of existing models
and serves as a rational design principle for engineering next-
generation SCBEMs. Third, we present a systematic appraisal of
livestock stem cells within this context, underscoring the signifi-
cant differences between livestock embryos and placentas during
the peri-implantation period and those of humans and mice, as
well as the fact that current agricultural SCBEMs predominantly
replicate posthatching development and have not yet reached later
milestones such as gastrulation or organogenesis. This assessment
pinpoints a major technological frontier and delineates a novel
strategic avenue for leveraging stem cell biology in precision
breeding and sustainable agriculture.

The accelerating sophistication of SCBEMs, especially models
that closely approximate human embryogenesis around days 10-
14, presents a profound challenge to conventional embryo research
ethics, notably the fertilization-anchored “14-day rule.” The
absence of a definitive starting point (“day 0”) in SCBEMs renders
the direct application of time-based prohibitions conceptually
and practically inadequate. In response, leading guidelines such
as the 2021 ISSCR update have pivoted from a rigid chronological
limit toward a graded oversight model based on the “integrated
potential” and developmental features of the entity. This signifies
a broader paradigm shift in global governance from mechanistic,
time-bound regulations to adaptive, feature-sensitive governance.
This shift also echoes the regulatory evolution in the broader field
of new alternative methodologies (NAMs). For instance, NIH
recently established an organoid standardization center aimed at
enhancing the reliability and comparability of organoid models.
The FDA has announced plans to phase out animal testing in mon-
oclonal antibody development and has released its annual progress
report on NAMs, systematically evaluating the application of tools
such as organs-on-chips and computational models in regulatory
decision-making. Together, these advancements demonstrate that
regulatory agencies are building a more flexible and scientifically
driven evaluation framework for innovations based on human-
specific models. National regulatory trajectories are evolving along
distinct pathways: China is emphasizing “ethics-first” principles
and establishing stringent preemptive review and oversight frame-
works prior to translational pathways [245]. The United States is
channeling innovation through its existing therapeutic product
framework, using mechanisms such as the Regenerative Medicine
Advanced Therapies (RMAT) designation and standards recognition
to accelerate translation within defined risk parameters [246-248].
The European Union is pursuing regulatory harmonization by inte-
grating complex SCBEM-based products into the centralized
Advanced Therapy Medicinal Products (ATMP) regime, which is
reinforced by the substances of human origin (SoHO) regulation
to ensure traceability and consistency across member states
[249-251]. These developments collectively highlight the impera-
tive for sustained, multidisciplinary dialog to craft governance sys-
tems that are both ethically vigilant and scientifically enabling.

In summary, this review consolidates the current knowledge on
SCBEMs through a stem cell-centric conceptual framework that
redefines the logic of model assembly and offers a structured road-
map for future work. It further illuminates the significant transla-
tional promise of these models across human health and
agricultural bioscience. Nevertheless, the responsible progression
of the field remains deeply intertwined with its ability to navigate
an intricate ethical and regulatory landscape. Achieving the full
potential of SCBEMs will necessitate a continued, collaborative
commitment to aligning pioneering science with resilient and
responsive societal oversight, ensuring that these powerful models
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are developed and applied with utmost ethical integrity and social
responsibility.
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