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Abstract: Early embryonic development is a core biological event that dictates lifelong health. However, directly
elucidating the dynamic morphogenetic mechanisms of human embryos in vivo remains highly challenging due to
technical barriers and strict ethical constraints. In recent years, breakthroughs in single-cell and spatial multi-omics,
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coupled with the evolution of in vitro culture (IVC) systems, have driven a paradigm shift in this field—transitioning
from static in vivo physiological profiling to dynamic in vitro reconstruction. This review aims to systematically
summarize recent advances in early primate embryogenesis, exploring the integration of in vivo developmental principles
with in vitro modeling strategies to provide a rigorous theoretical framework for establishing high-fidelity
developmental and drug-screening models. We first delineate the high-resolution, multi-omic landscapes of natural
embryos, illustrating their crucial role in establishing molecular benchmarks for key developmental events, including
peri-implantation lineage specification, gastrulation, and early organogenesis. Next, we systematically trace the
technological evolution of early embryonic IVC systems. We highlight the critical transition from human peri-
implantation models to the prolonged IVC of non-human primate embryos, which effectively bypasses traditional
temporal barriers and enables the functional validation of specific molecular pathways. Building upon these foundations,
we discuss the advancement of stem cell-based embryo models (SCBEMs) and emphasize the pivotal, navigational role
of computational biology. Despite substantial progress in the in vitro simulation of early embryogenesis, the
establishment of highly reductive models capable of smoothly advancing into early organogenesis is still hindered by
two primary bottlenecks: insufficient integration of multi-modal omics and the absence of a physiological maternal-fetal
microenvironment. To overcome these limitations, future research must advance synergistically in two dimensions. First,
it is imperative to deepen cross-modal omics profiling—incorporating epigenetics, spatial metabolomics, and
biomechanics—to provide precise priori parameters for high-order models. Second, leveraging microfluidics and
bioengineering technologies to systematically reconstruct the in vitro maternal-fetal interface is essential. This includes
simulating the three-dimensional mechanotransduction of the extracellular matrix and assembling early vascular
networks to facilitate maternal-fetal metabolic exchange. Guided by developmental principles and executed through
engineering reconstruction, this mechanistic approach will profoundly advance our understanding of implantation
failure, recurrent pregnancy loss, and congenital birth defects. Ultimately, while strictly adhering to bioethical
guidelines, these collective efforts will lay a solid empirical foundation for the standardized application of high-
throughput human disease and drug-screening models.
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