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Although this value is still well below 
typical mobilities for crystalline inorganic 
semiconductors (μe ~ 1,000 cm2 V–1 s–1 
for lightly doped Si), it compares well to 
many organic conductors such as rubrene 
and poly(p-phenylene vinylene) as well as 
amorphous Si. Although the use of alkali 
metals to dope the MOF partially fills the 
pores, the BET surface area remains high, 
~600 m2 g–1, making the material attractive 
for applications requiring both high surface 
area and high electronic conductivity.

To implement this system in 
electrochemical energy storage, conversion 
or electrocatalysis applications, the potential 
stability window of the Fe2(BDP)3 complex 
will need to be considered in further 
depth, as well as the effects of long term 
electrochemical cycling. Also needed are low-
cost, scalable methods for producing powders 
and coatings of the framework, an issue 
that has plagued many otherwise promising 
MOF systems10. One fruitful direction is to 
extend this approach to other frameworks 

with wider potential stability windows and/or 
existing scalable synthesis routes.

Besides the value of this specific 
demonstration, the work of Aubrey et al. 
also brings forward a number of broad 
scientific questions for the general field 
of molecularly ordered porous materials. 
For example, the insertion of potassium 
in the lattice is reminiscent of doping 
in semiconductors, but the impact on 
electronic transport is different, since  
the potassium strongly modifies the 
electronic structure, as shown by ab initio 
simulations. In addition, while the focus 
here is on transport in a three-dimensional 
material, we anticipate that new transport 
phenomena will arise as structures are 
scaled to the nanometre range. Finally, in 
the context of electronic applications, the 
demonstration of a field-effect transistor is 
encouraging, and brings questions about 
the mechanism: how does the gate field 
modulate the transport in these mixed 
system types? These questions and many 

others are sure to engage the community  
for years to come. ❐
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DEVELOPMENTAL MODELS

Mechanics-guided developmental fate patterning
A micropatterned human pluripotent stem cell-based developmental model was utilized to demonstrate the role of 
biophysical cues such as cell size and cytoskeletal contractile forces in directing patterning of neuroepithelial and 
neural plate border cells.

Mukul Tewary and Peter W. Zandstra

During embryonic development, cells 
in different locations of the embryo 
acquire different fates in a self-

organized process called fate patterning. The 
process of how an apparently homogeneous 
cluster of cells that arises after the first few 
divisions of the zygote — the cell formed 
when the sperm fertilizes the egg — can 
give rise to an appropriately ‘patterned’ 
orderly embryo has profound significance 
for basic science. Indeed, arguments and 
discussions relating to how an embryo 
patterns fates can be traced all the way back 
to Aristotle1. Recent studies have highlighted 
that when provided with appropriate 
geometric and signalling cues, stem cells 
have a remarkable capacity to self-organize 
into structures that recapitulate aspects of 
developing embryos2–5. In vitro platforms 
that can exploit this capacity of stem cells 
and capture developmental fate patterning 

are valuable as they are far more amenable 
to experimental perturbations than embryos 
and, consequently, can be readily employed 
to identify the underlying mechanisms of 
this important phenomenon.

Harnessing the self-organizing 
capabilities of human pluripotent stem  
cells (hPSCs) to develop in vitro models  
of human development represents an 
attractive strategy to understand the 
mechanistic underpinnings of human 
embryogenesis. Indeed, recent reports have 
successfully employed this approach and 
demonstrated that upon treatment with a 
molecule called bone morphogenetic protein 
4 (BMP4), geometrically confined hPSC 
colonies self-organize in a manner that 
mimics so-called germ layer formation5,6. 
These germ layers — the ectoderm, 
mesoderm and endoderm — are progenitor 
tissues that arise during embryogenesis 

and undergo further fate patterning as 
development progresses to give rise to organ 
rudiments. Importantly, thus far, platforms 
that combine the self-organizing capabilities 
of hPSCs and geometric confinement of 
adherent colonies to induce fate patterning 
associated with the development of  
specific germ layers had not been reported. 
In this issue of Nature Materials, Jianping 
Fu and colleagues7 achieve an important 
milestone and report an in vitro platform 
that recapitulates aspects of the fate 
patterning observed in the developing 
ectoderm — the progenitor tissue of the 
central nervous system, the neural crest  
and the epidermis.

During development, a gradient of BMP 
signalling patterns the ectoderm into the 
neural plate (NP), the neural plate border 
(NPB) and the epidermal ectoderm (EE) 
tissues as a function of BMP signalling 
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levels (Fig. 1a). Fu and colleagues generate 
geometrically confined hPSC colonies and 
cultured them in conditions that induce 
ectodermal fates. They observed that  
these experimental conditions resulted 
in spatially segregated regions within 
the colonies that expressed proteins and 
presented cellular morphology characteristic 
of the NP and the NPB (Fig. 1b). As further 
evidence of these identities, the authors 
demonstrated the ability of the NP and the 
NPB compartments to give rise to mature 
ectodermal fates like motor neurons and 
neural crest respectively.

Notably, although the induction medium 
contained low levels of BMP inhibitors, 
consistent with in vivo development  
of the ectoderm, the authors observed 
the presence of a BMP signalling gradient 
along the radii in the differentiating hPSC 
colonies. Whereas BMP signalling was 
induced at high levels in the peripheral cells, 
the cells at the centre experienced low/no 
BMP activity. They identified two classical 
biomechanical cues that influence this  
self-organization of BMP signalling.  
First, the authors noted that the size  
of the cells within the colonies correlated 
with the level of BMP signalling.  
Specifically, whereas the centre of the 

colonies had densely packed cells that 
were smaller in size and experienced low 
BMP signalling, the cells at the periphery 
were large and had robust BMP signalling 
activation. They asked if cell size could 
autonomously activate BMP signalling 
in hPSCs by employing an experimental 
approach that has been utilized in classical 
micropatterning studies8. They confined 
single hPSCs on small or large protein 
islands and queried if the change in pattern 
size resulted in modulation of BMP 
signalling. Interestingly, they observed 
that forcing single hPSCs to spread over 
a large area resulted in activation of BMP 
signalling in the absence of exogenous 
BMP ligands. Second, the authors 
cultured the micropatterned colonies on 
silicone microposts and noted that cells 
at the periphery appeared to exert greater 
cytoskeletal contractile forces relative to 
their counterparts at the colony centre as 
determined by the measurement of traction 
forces. They hypothesized that cytoskeletal 
contractile force may be playing a role in 
the activation of BMP signalling. To test this 
hypothesis, they employed a microfluidic 
device to ectopically stretch cells at the 
centre of the micropatterned colonies  
and observed robust activation  

of BMP signalling in stretched cells. Taken 
together, their findings indicate that 
biomechanical regulation mediated by cell 
size and cytoskeletal contractile force can 
induce activation of BMP signalling in 
hPSCs that can result in signalling gradients 
in geometrically confined colonies capable 
of inducing patterns that mimic aspects of 
embryonic development.

This platform also raises a few interesting 
questions that can be addressed in later 
studies. Primarily, although the authors 
demonstrate that the biomechanical cues 
are able to induce BMP signalling, the 
underlying mechanism by which this occurs 
has not been shown. Additionally, this 
platform lacks expression markers of the  
EE — the rudiment that develops to form 
the epidermis. Identifying conditions 
that are able to recapitulate the complete 
repertoire of fates that arise in the 
developing ectoderm is an important 
next step. Overall, this study represents 
an important milestone for two notable 
reasons. First, this platform represents  
the first reported model of ectoderm  
fate patterning in geometrically 
confined hPSC colonies. Second, this 
study demonstrates that endogenous 
biomechanical cues can be dominant over 
biochemical inhibitors in some instances. 
These contributions can inform future 
materials engineering approaches to  
develop new strategies to guide tissue 
development from hPSCs. ❐
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Fig. 1 | Neuroectoderm patterning from cell colonies. a, During embryogenesis, a BMP signalling gradient 
leads to patterning of the developing ectoderm into three regions — the epidermal ectoderm, the neural 
plate border and the neural plate. These regions correspond to high, intermediate and low BMP signalling 
activity respectively. As the neural plate specifies and develops, it undergoes a change in morphology 
wherein the tissue becomes pseudostratified. b, The in vitro model reported by Fu and colleagues employs 
micropatterning human pluripotent stem cell (hPSC) colonies and inducing them to differentiate in the 
absence of nodal signalling and partial inhibition of BMP signalling. After 7–9 days of culture, the platform 
recapitulates the protein expression of the neural plate and the neural plate border, and demonstrates the 
pseudostratified nature of the neural plate. Notably, the surface ectoderm subpopulation appears to be 
missing in this in vitro platform. Adapted from ref. 7, Macmillan Publishers Ltd.
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