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Research in developmental biology has been recently enriched by a multitude of in vitro models 

recapitulating key milestones of mammalian embryogenesis. These models obviate the 

inaccessibility of implanted embryos, multiply experimental opportunities, and favour 

approaches traditionally associated with organoids and tissue engineering. Here, we provide a 

perspective on how these models can be applied to study mechano-geometrical contributions to 

early mammalian development. Such a role still escapes direct verification in species that develop 

in utero. We thus outline new avenues for robust and scalable perturbation of geometry and 

mechanics in ways traditionally limited to non-implanting developmental models. 

 

 

Introduction 

If one surveys the vertebrate evolutionary tree one will notice a wide range of strategies through which 

different animals rear their youngest and through which they support the earliest needs of their embryos. 

Amphibian embryos - released directly into the water, away from the mother, and vulnerable to 

environmental hazards - will divide quickly out of a yolky egg saturated with nutrients (e.g. Xenopus 

laevis, (Heasman, 2006). Fish will similarly be gifted by their mother of a rich nutrient reserve on top 

of which the embryo will take shape (e.g. zebrafish,  (Hernández-Vega et al., 2017)), whereas avian 

species (such as the chicken) grow slower, protected by the walls of the eggshell and feeding off the 

nutrients deposited within it (see for example (Hamburger and Hamilton, 1992). Such a wide range of 

developmental modes often represents different degrees of maternal investment into the metabolic 

sources allocated to the embryo. In turn this reflects varying evolutionary pressures exerted by the 

specific ecological niche existing at the earliest times of development (see for example (Kalinka and 

Tomancak, 2012). In mammals, early embryogenesis takes place within the mother, and with this added 
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safety comes the need of developing tissues external to the embryo to communicate and interact with 

her ((Roberts et al., 2016; Sheng and Foley, 2012)). Mice and human embryos are amongst the handful 

of mammals that developed a mode of so called "deep interstitial" implantation ((McGowen et al., 

2014)). That is, the early mouse embryo (i.e. the blastocyst) embeds within the wall of the uterus and 

becomes completely encased by endometrial tissue (Croy et al., 2014). While this mode of development 

is not common amongst mammals, it is shared by both humans and mice, the latter being the best 

characterised model of mammalian development to date. Notable consequence of such an evolutionary 

contingency is that the earliest steps of mouse development take place in a context that is both 

experimentally and optically impracticable (even though progress has been done on the imaging side, 

see (Arora et al., 2016; Nowotschin and Hadjantonakis, 2018; Yuan et al., 2018)). Crucially, these are 

also the steps where the mouse epiblast (EPI) is believed to break symmetry, where it establishes its 

three axes of development (AP, Dorso-Ventral (DV), Left-Right (LR)), where cells belonging to the 

three germ layers ectoderm, endoderm, and mesoderm first emerge, and where the derivatives of such 

tissue types start to be organised according to the newly established architecture of the embryo ((Arnold 

and Robertson, 2009; Takaoka and Hamada, 2012; Tam and Behringer, 1997; Tam and Loebel, 2007)). 

All these events are core interests to the study of developmental biology, and all take place while the 

embryo is deeply implanted within extra-embryonic (and actually extra-conceptus) tissues. Little is 

known about the extent to which such tissues shape (literally and figuratively) embryonic development. 

 

While important insights have been obtained by extracting and manipulating embryos ex vivo, key 

contributions might come from the very mechanical and geometrical constraints imposed by the uterus 

itself (Hiramatsu et al., 2013; Matsuo and Hiramatsu, 2017). Indeed, it has been found that the 

mechanics (i.e. the mechanical properties, forces, and strains) of the extraembryonic environment or of 

the embryo proper directly underpin key developmental events such as AP (Hiramatsu et al., 2013) or 

LR axis establishment (Chien et al., 2018), notochord emergence ((Imuta et al., 2014) , or amnion 

development (Dobreva et al., 2018; Shao et al., 2017) in multiple embryonic systems. Moreover, direct 

links between mechanics and developmental events have been drawn, and have been shown to be 

evolutionarily conserved (Brunet et al., 2013; Pukhlyakova et al., 2018). In parallel, the geometry (i.e. 

the shape and the architecture) of the embryo has been shown to also influence early development by, 

for example, compartimentalising secreted morphogens and their receptors (Etoc et al., 2016; Zhang et 

al., 2018b) and influencing the rates and distances at which secreted morphogens can move within 

extracellular spaces (Sagy et al., 2018; Zhang et al., 2018b). Recent models of patterning and symmetry 

breaking indeed take in account the volume of such spaces and the dynamics of fluids within them 

(Recho et al., 2018). Dependencies between geometry and cell fate have been demonstrated in 2D 

systems as well (Blin et al., 2018). Addressing the extent to which mechanics and geometry are relevant 

to the development of the implanted mammalian embryo would require the embryo to be studied and 

manipulated in utero, or those same cues to be recapitulated and presented in vitro. Since the exact 
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nature and effects of such mechanical and geometrical cues is still ill-defined, there is great scope of 

research and potential to uncover fundamental links between the mechanical environment and cellular 

biology, specifically in the context of early mammalian developmental processes taking place within 

the uterine endometrium. 

 

The mechanical and geometrical landscape of the implanted mouse embryo 

 

What are the main sources of mechanical stresses and geometrical constraints in the developing mouse 

embryo? Do these stresses and constraints have developmental consequences? Due to the implanted 

context of mammalian development, early considerations first turned to the uterine tissues. As early as 

1894, R. Assheton already remarked on how “so beautifully adapted” the shape of both the uterus and 

of the (rabbit) embryo is at the time of implantation (Assheton, 1894). The question of uterine 

contributions to development has been explored in mice (Smith, 1985) and across mammalian species 

(Wimsatt, 1975). Fundamentally, the observation that gastrulating mouse embryos will consistently 

have their three body axes aligned with the three symmetry axes of the uterus itself, raises the possibility 

that the former are causally specified by the latter (i.e. by the global architecture of the uterus) (see 

(Chen et al., 2013)).  

 

It has been shown that the mechanics of the uterine environment plays crucial developmental functions 

since the very entrance of the blastocyst in the uterine horn (e.g. peristalsis-driven spacing of implanting 

embryos (Chen et al., 2013); summarised in Figure 1). Key mechanical transformations of the uterus 

around implantation, and specifically the process of luminal closure around the implanting embryo 

(Zhang et al., 2014), are indeed responsible of the observed alignment between the AP, LR, DV 

embryonic axis with the LR, oviductal-cervical, and mesometrial-antimesometrial axes of the uterus, 

respectively (Chen et al., 2013). Yet, these rearrangements do not specify these axes: that is, they do 

not impart their polarity, but only their correct directionality with respect to the anatomy of the uterus 

(Rossant and Tam, 2004). The specification of embryonic axes indeed appears to be an embryo-

autonomous (or, at least, uterus-independent) process: not only because the embryonic axes arise ex 

vivo (Takaoka et al., 2006), but also because the morphogenetic events that lead to their emergence (e.g. 

the migration of the Anterior Visceral Endoderm (AVE)) are initially correlated to the topography of 

the embryo rather than that of the uterus (Mesnard et al., 2004; Perea-Gomez et al., 2004). Even 

stereotypical shape deformations of the embryo, such as that defining the AP axis as the longest axis of 

the embryo (Figure 1C), have been documented in vitro, away from uterine constraints (Mesnard et 

al., 2004). Maybe most definitive proof of such independence is the emergence of the three axes of 

symmetry in synthetic in vitro models of development, which not only lack uterine confinement, but 

lack extraembryonic tissues altogether (Beccari et al., 2018; Turner et al., 2017). 
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Is the role of the uterine context thus only to provide a positioning/orienting role to the embryo, un-

instructive to axial emergence? To this point, it is interesting to consider that in many species 

gastrulation takes place within a rigid external shell, and exertion of forces on such rigid boundaries by 

embryonic tissues have been shown to shape development (Munster et al., 2018). Elegant ex vivo 

experiments by Hiramatsu and colleagues (Hiramatsu et al., 2013) have revived interest in the matter, 

with the bold claim that the mechanics of the uterine tissue might be responsible, ultimately, of AP axis 

establishment in the mouse (Figure 1B). By growing embryos within soft poly(dimethylsiloxane) 

(PDMS) or agarose cavities of varying diameter and geometry, the authors show that constrained 

growth of the embryo focuses strain at its distal tip. Such strain would favour localised basement 

membrane breaching and transmigration of a population of cells posited to give origin to the Distal 

Visceral Endoderm (DVE). Even more intriguingly, they observe the initiation of DVE gene regulatory 

programmes only upon mechanical constraint of the growing embryo. If validated, these results would 

link uterine mechanics directly to the specification, emergence, and localisation of a cell population 

whose origin is still debated (Takaoka et al., 2011), a particularly significant result given that the DVE 

(which then contributes to the AVE) is viewed as one of the main organisers of embryonic development 

through its specification of the AP-axis, around which the other axes later emerge (Stower and Srinivas, 

2018). Yet, the causal links presented by Hiramatsu et al. (2013) are still contested (Matsuo and 

Hiramatsu, 2017; Stower and Srinivas, 2018). Indeed - and as mentioned previously - while a shaping 

role by the uterus is well documented (Copp, 1979; Mesnard et al., 2004; Perea-Gomez et al., 2004), 

correct DVE/AVE specification is seen even when embryos are cultured away from the uterus (e.g. 

(Bedzhov et al., 2015; Morris et al., 2012; Takaoka et al., 2006, 2011)). 

 

While the precise involvement of compression and strain from uterine tissues may have to wait further 

validation, mechanical stresses from embryonic and extraembryonic tissues (and fluids within them) 

have also been found to underpin later milestones of mouse peri-implantation development. Deflation 

experiments by (Imuta et al., 2014) have shown for example that the anisotropic forces exerted on the 

epiblast by the expansion of the amniotic cavity drives the convergent-extension of cells during 

notochord morphogenesis (Figure 1C). Additionally, mechanotransducing pathways have been posited 

to feed into the oscillatory networks driving somitogenesis (Hubaud et al., 2017), and mechanical cues 

may even guide the development of the amnion, in mouse as in human (Dobreva et al., 2018; Shao et 

al., 2017; Taniguchi et al., 2018). Even more interestingly, mechanosensitive gene expression has been 

documented in various developmental models (Brunet et al., 2013) as well as in sea anemones where 

prolonged embryo compression licenses ectopic expression of the gastrulation marker T/Brachyury 

(T/Bra) (Pukhlyakova et al., 2018). These results are very insightful, not only because they identify 

genes whose expression can be directly triggered by mechanics (T/Bra, depending on β-catenin) and 

trace these to ancestors of all bilaterians more than 600 million years ago, but also because these genes 

are key actors of development, and specifically of gastrulation. Identifying such genes as having 
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evolutionarily-conserved mechanosensitive inputs is a strong spur towards a deeper investigation of 

how their expression may depend on the forces acting at the posterior of the implanted embryo.  

 

Importantly, forces exerted by uterine, extraembryonic, or embryonic tissues are not the only potential 

agents of mechanical stresses on the developing embryo. Embryonic and extraembryonic fluids will 

also generate forces: frictional and tensional stresses when flowing (Freund et al., 2012), or hydrostatic 

pressures when in confined spaces (Navis and Bagnat, 2015). The mouse embryo indeed initially floats 

within intraluminal fluid (Chen et al., 2013), forms numerous fluid-filled cavities upon implantation 

(Christodoulou et al., 2018), and establishes flows of distinct regimes throughout later development 

(Freund et al., 2012). Clearly embryonic fluids deliver important information in the morphogens they 

carry in solution (see for example (Zhang et al., 2018b)), yet less is known about the developmental 

relevance of the mechanical stresses these fluids also exert. Even for archetypes of embryonic 

involvement of flow, such as that of left-right symmetry breaking at the mouse node (Nonaka et al., 

1998), it is still unclear whether the underlying mechanism is biochemical or mechanical in nature 

(Smith et al., 2019). Crucially, most recent models identify shear stresses at the node surface as drivers 

of local exocytic release of morphogens, thus directly implicating fluid mechanics (Solowiej-

Wedderburn et al., 2019). Clear effects of shear stresses have additionally been described later in 

development, especially in the maturation and differentiation of vascular cell types (Courchaine et al., 

2018; Hwa et al., 2017). When not flowing, embryonic fluids exert pressures, and these too have been 

implicated in multiple steps of early development (Navis and Bagnat, 2015). Changes in luminal 

volumes are sensed by cells as increased cortical tension, which in turn induces changes in cell shape 

and cytoskeletal organization (Chan et al., 2018; Latorre et al., 2018). At the blastocyst stage, when the 

embryo is little more than a fluid filled sphere, internal hydrostatic pressure not only determines 

embryonic size, but also directs allocation of fates (by affecting allocation to internal or external 

compartments; (Chan et al., 2018)). Later in development, the pressure exerted by the fluid within the 

amniotic cavity has been postulated to direct notochord convergent extension by exerting anisotropic 

forces on the underlying axial mesoderm (Imuta et al., 2014). Clearly, the fluid dimension of the embryo 

plays key developmental functions, strengthening calls for an increased recognition of its role alongside 

the better-appreciated cues presented by the solid environment of cells and tissues (Kaul and Ventikos, 

2015).   

 

Embryonic geometry has also been found guiding early development, and this separately from the 

mechanical repercussions it has on the embryo itself (as in (Hiramatsu et al., 2013)). Accordingly, 

micropatterns of mouse embryonic stem cells (mESCs) have been used to show shape-dependent self-

organisation and patterning of T/Bra-positive populations (Blin et al., 2018). Most recently, the 

geometry of the mouse embryo (i.e. its architecture) has been postulated to ensure the robust restriction 

of BMP signalling at the embryonic/extraembryonic boundary (Zhang et al., 2018b), a key prerequisite 
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for gastrulation (Stower and Srinivas, 2018). Receptors for key signalling pathways involved in early 

development are indeed distributed asymmetrically across cell membranes (Chhabra et al., 2018; Etoc 

et al., 2016; Morgani et al., 2018), so that the relative orientation of cells with respect to different 

embryonic compartments will be sufficient to mediate differential responses to homogeneously 

distributed ligands (Zhang et al., 2018b). The geometry of the embryo also influences the shape and 

dimensions of of the extracellular spaces carrying such ligands, thus influencing their biochemical 

kinetics and their range of action (Zhang et al., 2018b). Intriguingly, recent observations have shown 

that even just the contact with an external surface might be sufficient to locally restrict the diffusion of 

secreted ligands (Sagy et al., 2018). Finally, and when changing over time, geometry can instructs 

development by e.g. distorting local morphogenic fields to create novel signalling landscapes (early gut 

development, (Shyer et al., 2015)), or by distancing specific populations of cells from fixed sources of 

inhibitory signals (early implantation, (Mesnard et al., 2004; Perea-Gomez et al., 2004)).    

 

Recapitulating early mammalian development in vitro 

 

How to dissect the biological and mechano-geometrical inputs of mouse development in a controlled 

and targeted way given the constraints of implantation? One answer is to remove the embryo from the 

implantation chamber and study it ex vivo. Indeed, the mouse embryo can be grown for long periods 

even when separated from the mother as early as the blastocyst stage (e.g. (Bedzhov et al., 2014; Hsu, 

1973)). Experiments such those of Hiramatsu et al. (2013) also show that insightful results can of course 

be obtained by direct manipulation of embryos extracted from the uterus at the appropriate stage. Yet, 

in vitro work with mouse embryos still suffers from the limitation of low-throughput, a need to work 

with live animals, and ethical and legal restrictions. To obviate these problems, many have turned 

towards self-organising systems - based not on embryos but on pluripotent stem cells (PSCs) such as 

mESCs, human PSCs, or induced PSCs. These models recapitulate in vitro key features of in vivo 

development and include embryoid bodies, embryoids, two-dimensional (2D)- and three-dimensional 

(3D) gastruloids (reviewed (Metzger et al., 2018; Shahbazi and Zernicka-Goetz, 2018; Simunovic and 

Brivanlou, 2017; Taniguchi et al., 2018)) (Figure 2). Crucially, the use of PSCs allows for potentially 

highly quantitative and scalable approaches to developmental investigations. Moreover, the self-

organising nature of the structures emerging favours the discrimination between real dependencies and 

mere contingencies between structures or events observed in vivo (Turner et al., 2016). Additionally, 

and when these models are employed to study mouse development, a mutually-informative relationship 

can be established between in vitro observations and in vivo biology in virtue of the extensive 

knowledge currently existing about the mouse model (Morgani et al., 2018).  

 

For reasons partly deriving from current regulations restricting experimental work on living human 

embryos (Hurlbut et al., 2017) an analogous degree of knowledge does not yet exist for human 
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development (Taniguchi et al., 2018). As such, and while characterization efforts are underway (De 

Bakker et al., 2016; Behjati et al., 2018; Belle et al., 2017; Boroviak et al., 2018), our current 

understanding of the morphological features of early human development is still based on archival 

material of dedicated collections (De Bakker et al., 2016; Fujimoto, 2001; Gasser et al., 2014; Hertig et 

al., 1956), with insights into the signaling dependencies at play often relying on observations made on 

close primate species (see for example (Boroviak and Nichols, 2017; Nakamura et al., 2016)). In vitro 

models of development may thus currently be our only direct experimental access to the mechanisms 

regulating patterning, morphogenesis, and mechanobiology in the peri-implantation human embryo at 

least until advances in the technical and legal possibilities associated with the in vitro culture of living 

human embryos ((Aach et al., 2017; Deglincerti et al., 2016; Shahbazi et al., 2016)). Any assessment 

about the fidelity to which these systems actually replicate in vivo developmental events may however 

have to await more complete characterization of the embryos they are expected to model, especially 

given that benchmarks based on mouse biology may not necessarily hold true in human (Blakeley et 

al., 2015; Boroviak et al., 2018; Rossant and Tam, 2017). In mouse, such characterization has instead 

reached astonishing levels of detail, with most recent work detailing movement and identity of 

embryonic populations at single-cell resolution (McDole et al., 2018; Pijuan-Sala et al., 2019), the 

reconstruction of the complete embryonic ontogeny of major organ systems (Nowotschin et al., 2018), 

as well as the spatio-temporal mapping of transcription factor hierarchies in gastrulating embryos (Cui 

et al., 2018). 

 

Self-organising mESCs systems have recently been shown to be an interesting tool to recreate 

gastrulation in vitro and to study key features of the process -- i.e. its induction, the EMT events 

associated with PS emergence, and the patterning of emerging cell types (Beccari et al., 2018; Morgani 

et al., 2018; Sozen et al., 2018; Turner et al., 2017).Some of these approaches aimed to reconstitute the 

conceptus from its individual components (i.e. trophectoderm, EPI, and PrE) and indeed have observed 

induction of gastrulation-like events in a fraction of the synthetic aggregates generated (Amadei et al., 

2018; Sozen et al., 2018). Others adopted a more "deconstructed" approach, starting with unpatterned 

EPI-like systems and trying to identify the minimal set of conditions able to drive such a population 

through the major milestones of development ((Beccari et al., 2018; Morgani et al., 2018; Turner et al., 

2017)). Arguably, this latter approach better fits bioengineering frameworks as it allows for directed 

questions about the types of cues that are read by cells during development, probing of the outcome of 

the supply of alternative cues not experienced by the embryo in vitro, and identification of previously 

unappreciated in vitro factors that have an effect on development (a paradigm described in (Davies, 

2017)). Experimental control of specific cues provided in such minimal systems facilitates the 

dissection of the complex environment of in utero peri-implantation and allows for the identification of 

individual functional contributions by specific tissues or by specific mechanical or geometrical features. 

The micropatterned systems developed by Morgani et al. (2018) and Blin et al. (2018) are particularly 
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notable. The former because they demonstrate spontaneous patterning of the EPI-like colonies into 

concentric rings of the three embryonic tissue types (and extraembryonic ones), as well as faithful 

spatio-temporal replication of EMT; the latter because they link tissue geometry to T/Bra expression 

and to patterning of these cells.  

 

Circular micropatterns have also been used to support in vitro self-organisation of human embryonic 

stem cells (hESCs), and indeed so called (2D) gastruloids represent the main model of in vitro human 

development to date ((Tewary et al., 2017; Warmflash et al., 2014a), along with self-organising 3D 

structures such as those described in (Shao et al., 2017; Simunovic et al., 2018). Just as the mESCs 

systems mentioned above, colonies of hPSCs plated on micropatterned substrates will spontaneously 

pattern radially-symmetrical concentric domains of gene expression corresponding to all three 

embryonic germ layers, as well as to ‘extraembryonic-like’ derivatives most recently proposed to be 

extraembryonic mesoderm (Chhabra et al., 2018; Tewary et al., 2017; Warmflash et al., 2014a). The 

mechanisms of such patterning are currently explained in terms of a combination of colony edge effects, 

differential receptor localisation, and local inhibitor production (Etoc et al., 2016; Martyn et al., 2018a) 

as well as of the sequential inwards propagation of waves of Wnt and Nodal signalling (Chhabra et al., 

2018). The emergence of key developmental functions such as so-called “organisers” has also been 

claimed ((Martyn et al., 2018b), as seen in (Sharon et al., 2011)), as well as the recapitulation of specific 

sequences of events associated with PS emergence and expansion (Martyn et al., 2018a). Clearly, these 

systems are providing precious insights into the patterning mechanisms potentially at play during 

human development, especially given the current impossibility of studying (or even verifying) these 

processes in vivo. Notably, they have highlighted strong sensitivity on colony geometry, size, and cell 

density of patterning mechanisms currently mainly investigated in terms of spatiotemporal regulation 

of biochemical signalling pathways. It would be interesting to understand how local mechanics also 

feed into this process.  

 

To this point, micropatterns of hPSCs have indeed been demonstrated to self-organise pre-patterns of 

morphogenetic cues ((Xue et al., 2018), also partially described in (Etoc et al., 2016)), and that these 

pre-patterns can drive the spatial restriction of BMP signalling independently from their effect on 

receptor subcellular localisation as proposed by Etoc et al, 2016 (Xue et al., 2018).  Other studies where 

hPSCs have been confined within non-circular micropatterns have also shown that e.g. mesodermal 

commitment is modulated by cell density and local cellular forces (Smith et al., 2018) and analogous 

investigations have been made in mouse micropatterns (Blin et al., 2018). The details of how this 

exactly takes place are still speculative but will likely be of interest to the study of the geometrical and 

mechanical contributions to symmetry breaking and posterior specification in the mouse and human 

epiblasts. Regardless, and while both the mouse and human micropattern platforms described above are 

perfect examples of the value of engineering approaches to development, in vivo cell fate specification 
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and morphogenesis are heavily dependent on the 3D context of the developing embryo. In vivo 

development involves folding of tissues (e.g. neural-, gut-, or heart tube development; (Ivanovitch et 

al., 2017; Nikolopoulou et al., 2017; Spence et al., 2011)), tissue migration and intercalation (e.g. 

gastrulation, notochord morphogenesis; (Balmer et al., 2016; Rivera-Pérez and Hadjantonakis, 2015; 

Viotti et al., 2014)), compartmentalization of soluble signals and their receptors (Zhang et al., 2018b). 

Understandably these are features that cannot all be recapitulated by monolayer systems.   

 

Amongst the 3D models of development available to date (Shahbazi and Zernicka-Goetz, 2018; 

Taniguchi et al., 2018), one finds gastruloids (Figure 2), self-organising aggregates of mESCs 

employed as embryonic organoids because they spontaneously recapitulate key hallmarks of peri-

implantation mouse development in vitro. If a suspension of mESCs is maintained in serum-free 

conditions for five days and treated with a pulse of Chiron (an inhibitor of GSK3b, mimicking the 

downstream consequences of Wnt signalling activation) on the third day from aggregation, the 

aggregate will indeed undergo symmetry breaking and regulated expression of markers associated with 

the PS (Beccari et al., 2018; van den Brink et al., 2014). This same system then recapitulates further 

developmental transitions such as germ layer specification, axial organisation, elongation, and cell 

movements reminiscent of gastrulation (Beccari et al., 2018; van den Brink et al., 2014; Girgin et al., 

2018; Turner et al., 2017). Detected patterns of gene expression indicate not only that they are able to 

develop along an AP axis marked by posterior T/Bra expression, just as in the embryo ((Herrmann and 

Kispert, 1994)), but that they also pattern dorso-ventrally and bilaterally (Turner et al., 2017). The most 

recent work has further shown that the emerging AP axis of gastruloids is progressively patterned by 

Hox gene expression in the same spatiotemporal sequence as in vivo embryos (Beccari et al., 2018). 

While structures more anterior than the heart are not yet observed, all these developmental events take 

place in vitro without the need or presence of extra-embryonic tissues (Turner et al., 2017). 

 

Crucially to this perspective, the batch availability of 3D in vitro models of development - such as 

gastruloids - opens up new possibilities to directly measure and alter local mechanics and geometry in 

minimal systems, and to link these perturbations to simple readouts of patterning and morphogenesis. 

As such, while current micropatterned systems allow to study developmental dependencies on 

geometry, patterning-lengthscale, and colony density/size, they support very limited morphogenetic 

events and do not readily allow e.g. the local application of forces and constraint, nor they account for 

the difference in shape characteristic of different embryonic systems (see however some exceptions, 

(Xue et al., 2018)). All such parameters could instead be manipulated in 3D systems, and the insights 

obtained from such manipulations could inform targeted investigation (and verification) in vivo, where 

such high-throughput manipulation is infeasible for biological and technical reasons. Just as the genetic 

investigation of these minimal synthetic systems has successfully uncovered core regulatory principles 

underlying key steps of developmental biology (Beccari et al., 2018), we expect mechanical and 
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geometrical investigation of such systems to similarly highlight conserved principles of developmental 

mechanobiology (in line with what is described in (Dahl-Jensen and Grapin-Botton, 2017). 

 

Emerging strategies to study mammalian developmental mechanics  

 

Given the recent availability of 3D in vitro models of peri-implantation mammalian development, we 

propose that the best strategies to study mammalian developmental mechanics will emerge from the 

intersection of i) technologies traditionally associated with organoid and bio-/tissue-engineering, 

allowing scalable and reproducible experimental perturbation of the embryonic systems under 

consideration, and ii) modern techniques able to quantitatively map intrinsic stresses and mechanical 

properties, as well as to apply extrinsic forces and deformations in a targeted and precise manner 

(Figure 3). Such an experimental framework should be linked to appropriate readouts able to quantify 

the effective developmental consequences of the perturbations applied, in terms of changes of cell 

states, fates, and morphogenesis.   

 

First hurdle to the type of investigation proposed above is the need for precise control over the target 

sites of mechanical and geometrical manipulation of the embryonic structures studied. This requires 

control over the alignment, position, and orientation of such structures, and this in a way capable of 

handling the large batch sizes that characterise current in vitro models of development (Chung et al., 

2011). While mouse embryos have indeed been individually placed within microfabricated cavities 

imposing, for example, varying morphogenetic constraints (Hiramatsu et al., 2013), this is only 

conceivable when dealing with the relatively low litter sizes associated with work with living embryos. 

Reproducible and scalable mechanical manipulation cannot rely on manual positioning. Accordingly, 

entrapment by hydrodynamic flows within microfabricated devices has already been employed for fly, 

nematode, and zebrafish embryos (Akagi et al., 2012; Chung et al., 2011; Cornaglia et al., 2015) and 

would allow the quick generation of ordered arrays of embryonic organoids as a platform for 

standardised experimental manipulation. Notably, current 3D embryonic models are particularly suited 

to such an approach as they are already generated in suspension, and microfluidics integration has 

already been adopted in the very generation of some of these models. Analogous microfabricated 

platforms could also be employed to achieve precise control over the geometry of growth of trapped 

embryonic structures, and this by changing the shape of the cavities generated ((Gjorevski and Nelson, 

2010a; Nelson et al., 2008); see also discussion in (Gjorevski and Nelson, 2010b)). Such platforms 

could further allow control over the stiffness and mechanical properties of the surrounding growth 

environment by, for example, having cavities carved out of hydrogels with defined, responsive, and 

tunable mechanical and biological properties (notably, poly(ethylene glycol) (PEG)-based hydrogels) 

(Gjorevski and Lutolf, 2017; Lutolf and Hubbell, 2003; Lutolf et al., 2003). Combining the technologies 

and approaches presented above, we thus envisage that one would be able to generate ideal experimental 
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platforms that would not only passively provide differential mechanical and geometrical contexts of 

development, but which would also standardise the active application of extrinsic mechanical 

perturbations and the readout of their effects on developmental events. 

 

To measure the mechanical properties of the developmental structures under investigation, one can take 

advantage of a wide range of techniques, excellently reviewed in (Campàs, 2016; Sugimura et al., 2016). 

Of these we here highlight some that appear particularly suited to application for in vitro embryonic 

models and are generally responsive to criteria of high spatial resolution, scalability, and minimal 

invasiveness. One such techniques is Brillouin microscopy (Scarcelli and Yun, 2008), already used to 

measure changes in local stiffness in late post-implantation mouse embryos (Raghunathan et al., 2017; 

Zhang et al., 2018a) as well as in simpler embryonic systems (Pukhlyakova et al., 2018). This type of 

microscopy exploits the so-called Brillouin scattering effect, originating from the interactions between 

light waves - illuminating the sample - and acoustic waves - originating from random thermal 

fluctuations of molecules within the sample. and which can be related to the local viscoelastic properties 

of the tissue (see (Prevedel et al., 2019)). Crucially, Brillouin microscopy does not require any direct 

contact with the sample, unlike other probe-based techniques such as Atomic Force Microscopy that 

are usually also restricted to surface measurements. We believe that the results obtained from the 

application of optical elastography techniques, such as Brillouin spectroscopy, to in vitro systems 

undergoing developmental morphogenesis will provide great insight into the mechanical changes 

associated with such events, especially as they allow to record the evolution of mechanical properties 

over significant periods of time and within the same sample. 

 

Following from the possibility of mapping intrinsic mechanical properties is the experimental need to 

perturb the system by application of extrinsic mechanical stresses. Methods employed in the current 

literature range from uniaxial global deformation by simple compression under a coverslip 

(Pukhlyakova et al., 2018) to more sophisticated approaches involving the injection of ultramagnetic 

liposomes and induction of mechanical strain by application of magnetic fields (Brunet et al., 2013). 

Magnetic tweezers (the application of magnetic forces to injected particles; (Tanase et al., 2007)) might 

be particularly well suited to mechanical manipulation of in vitro 3D systems of development. Indeed, 

most such models are currently obtained by self-organisation of cells in suspension (see for example 

(Amadei et al., 2018; Girgin et al., 2018)). Magnetisation of the cells (or of subsets of them) prior to 

the aggregation step would easily generate embryonic systems with manipulable cell populations. 

Accordingly, when cells have been magnetised by incorporation of iron oxide nanoparticles, the 

resulting spheroids could be deformed at will (Mazuel et al., 2015). Most recently, external magnetic 

beads have been used to measure and apply forces in the developing mouse blastocyst (Wang et al., 

2018). While several other methods to apply extrinsic forces to embryonic structures exist (Campàs, 

2016; Sugimura et al., 2016), including micropipette aspiration (von Dassow et al., 2010; Guevorkian 
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et al., 2010; Jun Wen et al., 2015), bead-based approaches are uniquely compatible with the higher 

throughput nature of in vitro embryonic systems.  Magnetic gradients can indeed be applied 

simultaneously across all elements of the batch, especially if these are arrayed on standardised 

microfabricated platforms such as those described previously. When not exposed to a magnetic field, 

endogenous deformations of droplet-based sensors can be used to probe local tissue mechanics as 

excellently illustrated for example in (Mongera et al., 2018). It would be very interesting to see how 

these techniques will be applied to in vitro models of embryonic development, what kind of insights 

they will provide about their mechanobiology as they undergo in vivo-like morphogenetic 

transformations, and the extent to which their development is controllable by external mechanical or 

geometrical inputs.  

 

Even then, the application of the techniques described above would provide greatest insights only if 

linked to precise readouts of cell fate, sorting, patterning, morphogenesis, that is, ways to measure 

developmentally-relevant effects of the mechanical perturbations applied. We thus stress the 

amenability of in vitro embryonic systems to characterisation of such effects up to even the cellular 

level, especially if linked to imaging (light sheet microscopy) or expression profiling pipelines. To the 

first point, self-organising developmental systems benefit from the wide availability of reporter ESCs 

lines and the relatively ease for the generation of novel ones compared to the generation and 

maintenance of live mouse lines. To the second point, we want to stress the availability of techniques 

able to collect transcriptional data linked to positional information, an essential requirement if one is to 

track not only changes in cell fate but also in cell patterning under varying mechanical constraints. 

These techniques include tomo-sequencing (which also provides single-cell resolution, (Kruse et al., 

2016), Hybridisation Chain Reaction (Choi et al., 2014), as well as classical in situ hybridization 

protocols (Piette et al., 2008), possibly adapted to the higher throughputs demands of in vitro systems 

(Ferguson and Subramanian, 2018).  

 

Finally, we have to stress that the robustness of any such future mechanobiological investigation will 

ultimately be tied to the experimental robustness and the biological relevance of the in vitro systems 

used as platform of such investigation. Accordingly, important issues will need to be considered and 

addressed by any investigator pursuing this avenue of research (see also (Huch et al., 2017; Simunovic 

and Brivanlou, 2017; Turner et al., 2016)). Firstly, even the most advanced in vitro models currently 

available do not fully recapitulate all facets of embryonic development. Specifically, most models lack 

extraembryonic tissues, anterior fates and anterior structures, neural derivatives, they lack 

morphological features corresponding to the neural tube, the notochord, the node, they lack dorsoventral 

or mediolateral asymmetries, or even miss the architecture, the scale, or the number of cells of their in 

vivo counterparts (Shahbazi and Zernicka-Goetz, 2018; Taniguchi et al., 2018). Accordingly, we await 

further biological investigation of these systems and put forward the possibility that at least some of 
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these absences may originate from absent or altered mechanical inputs in vitro. Conversely, important 

considerations need also to be made on the biological validity of the developmental events that are 

indeed observed in vitro. Behaviours, dependencies, and mechanisms described and discovered in vitro 

may not necessarily be those driving the same events in vivo. Accordingly, in vitro systems should 

ideally be used as discovery tool to inform targeted validation on living embryos, and should never 

substitute them (still an important limitation for human embryos). Lastly, we stress the need for 

quantification and transparent reporting of observed organoid-to-organoid variability in response to 

given experimental treatments (as in for example (Rivron et al., 2018). Quantification of variability is 

required not only as a measure of reproducibility, but also because variable outcomes may be relevant 

manifestations of the developmental processes at study, rather than aberrations to discard. 

Understanding the sources of such variability may be as important as understanding the drivers of the 

majoritary phenotype (and may indeed be the same). 

 

Conclusion 

Efforts to elucidate the role of mechanics in development have driven very fruitful research in most 

model systems of development, including fish (Mongera et al., 2018; Morita et al., 2017; Petridou et 

al., 2018), amphibians (Shawky et al., 2018), and avians (Saadaoui et al., 2018). Much less is known 

about how local forces and mechanical properties affect implanted embryos that develop in utero, even 

though these are the embryos that might intuitively be considered as the most susceptible to mechanical 

and geometrical influences due to their embedded development. Recent literature has identified 

evolutionary-conserved mechanics-linked dependencies of genes involved in key milestones of 

mammalian development (Brunet et al., 2013; Pukhlyakova et al., 2018), links between embryonic 

confinement, local stresses, and body axis establishment (Hiramatsu et al., 2013), geometrical effects 

on the sorting of cell populations (Blin et al., 2018; Smith et al., 2018), and links between architectural 

features of the embryo and the establishment and maintenance of early signaling gradients (Zhang et 

al., 2018b). Nonetheless, experimental validation of such dependencies in mouse is still limited by its 

inaccessibility and the small litter sizes available for experimentation. Such limitations are even 

stronger in humans, where embryos are generally not available to experimental manipulation in the first 

place. In this Perspective, we wanted to highlight the potential held by recently developed 3D, self-

organising in vitro models of mammalian peri-implantation development, generated by aggregation of 

either mouse or human PSCs. While these systems are currently being investigated from a gene 

regulatory perspective, we here wanted to stress their value as experimental platforms of mammalian 

mechanobiology. Insights originating from the reproducible and quantitative mapping of local 

mechanical properties, and from the control and modification of such properties, will complement and 

expand on observations currently limited to two dimensions, or to low numbers of embryos (when 

extraction is possible at all). We hope that such a novel bioengineering-inspired experimental 

framework will bring our knowledge about mammalian embryonic mechanobiology in par with what 
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already known for other embryonic models, and contribute to a more complete picture of the inputs 

interpreted by cells as they navigate the complex landscape of states, fates, and shapes in their journey 

towards the formation of the embryo.  
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Figure 1: Multiple mechanical transitions shape the mouse embryo throughout key milestones of 

development. Summary illustration of the major steps of mouse development around the time of implantation 

(Embryonic Day (E)4.5). Emphasis is given to four main transitions where the mechanics of either the uterine 

environment or of the embryonic tissues themselves have been shown to direct development. A. Cortical tension 

induced by fluid accumulation controls both the size and the allocation of fates within the early blastocyst (Chan 

et al., 2018). B. At E5.5, growth of the EPI against the walls of the uterine crypt forces elongation 

antimesometrially, with strain concentrating at the tip of the embryo. Mechanical stress at the tip is believed to 

facilitate egress of EPI cells into the Visceral Endoderm (VE), where they would be fated to become DVE. 

(Hiramatsu et al. (2013)). C. Just prior to gastrulation (E5.5-E6.0) the shortest axis of the elliptical EPI, along 

which AVE is migrating, is converted into the longest one by global morphological rearrangements. This 

distances AVE inhibitory signals from the site of the EPI where the PS will be specified. (Mesnard et al. (2004), 

Perea-Gomez et al. (2004)). D. Isotropic expansion of the proamniotic cavity in the postgastrulation embryo 

(around E8.0) stretches the overlying tissues and controls the convergent extension of cells of the notochord, 

driving morphogenesis. (Imuta et al. (2014)). Reference axes of the uterus: Mesometrial (M) to 

Antimesometrial (AM), Oviduct (O) to Cervix (C), and Left (L) to Right (R). In vivo the posterior of the embryo 

aligns with the L-R axis of the uterus. 
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Figure 2: Current in vitro models of early mammalian development. Summary of the main self-organising 

models of mouse (top row) and human (bottom row) development (see also (Shahbazi and Zernicka-Goetz, 

2018; Simunovic and Brivanlou, 2017)). For each are also indicated expected diameter, the emerging axes of 

symmetry, whether they undergo Primitive Streak (PS)-like events, the presence or absence of supplied 

matrices, the main cell types generated, as well as aspects of in vivo development which they potentially allow 

to study. Amongst mouse models: two-dimensional micropatterns of Epi-like Cells (EpiLCs; (Morgani et al., 

2018)), synthetic ICM organoids (Mathew et al., 2018), synthetic blastocysts (blastoids; (Aldeguer et al., 2019; 

Rivron et al., 2018; Vrij et al., 2019)), polarizing embryoid bodies (ten Berge et al., 2008; Boxman et al., 2016; 

Brickman and Serup, 2017), embryo-like structures made by aggregation of mESCs and Trophectodermal Stem 

cells with (ETX) or without (ETS) extraembryonic endoderm stem cells (Amadei et al., 2018; Harrison et al., 

2017; Sozen et al., 2018); 3D Gastruloids (Beccari et al., 2018; Girgin et al., 2018). Amongst human models: 

two-dimensional micropatterns (gastruloids; (Warmflash et al., 2014a)), synthetic human epiblasts (Simunovic 

et al., 2018), and models of the gastrulating amniotic sac (Post-implantation Amniotic Sac Embryoids, PASE; 

(Shao et al., 2017)). For comparison with the dimension and scales of living embryo, length references are also 

provided (Hiramatsu et al., 2013; Morgani et al., 2018; Rivron et al., 2018). “Hydrogel” refers to PEG-based 

or Fmoc-based hydrogels, as indicated in (Simunovic et al., 2018). Colours as indicated; structures not drawn 

to scale. For illustrative purposes embedding matrices and some external tissues are only partially represented.  
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Figure 3: Experimental strategies to study the effect of mechanogeometry on mammalian development. 

Emerging in vitro models of mouse or human development now obviate the inaccessibility of the implanted 

mammalian embryo (centre, here mouse). These models provide a high-throughput vantage point to the 

elucidation of the mechanogeometrical inputs integrated by cells during development, and range from single 

embryonic stem cells, to two-dimensional (2D) micropatterned platforms, to three dimensional (3D) embryonic 

organoids or embryo-like structures (surrounding ring, counter-clockwise). The mechanical environment of 

single cells can be modulated by e.g. encapsulation and growth within hydrogels of varying stifness, or by growth 

on substrates of varying mechanical properties (see for example (Lutolf and Hubbell, 2003; Lutolf et al., 2003). 

In analogous approaches, spreadout assays (see for example (Saykali et al., 2018) can be used to investigate the 

mechanical dependencies of specific embryonic populations as they migrate within the embryo. Micropipette 

aspiration can also be employed to obtain mechanical parameters of specific cell types (Guevorkian and Maître, 

2017) 2D-models mostly encompass self-organising micropattern systems, which allow control over the size, the 

density, as well as the geometry of the cell population (Blin et al., 2018; Morgani et al., 2018; Warmflash et al., 

2014b). Most recently, stresses have  also been actively imposed on such micropatterns (Xue et al., 2018), and it 

is conceivable to be able to control the underlying substrate stifness by the further use of e.g. tunable hydrogels 

(Lutolf and Hubbell, 2003; Lutolf et al., 2003). Currently availble 3D-models of development have been detailed 

in Figure 2, and for the first time offer experimental access to the mechanical investigation of complex 

morphogenetic events in a topological conext arguably closer to that of the living embryo. We propose 

investigative strategies that take advantage of the high experimental tractability of such models (e.g. through the 

use of microfabricated trapping arrays). We also highlight some technologies to characterise the local mechanical 

landscape of these in vitro systems (e.g. Brillouin Microscopy, or the use of deformable sensors), as well as to 

apply exogenous forces to them (magnetic tweezers, internal or external microactuators, micropipette aspiration). 

Such manipulations would in turn be linked to readouts able to identify effects on development, in terms of 

morphology, cell fate specification, or patterning. 
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