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negative pressure. For example, two closely 
related ferroelectrics and piezoelectrics that 
are widely used in applications because of 
their excellent performance, Pb(Zr,Ti)O3 
and PbMg1/3Nb2/3O3-PbTiO3, could be 
improved further with negative pressure. In 
their determination of the crystal structure 
of the PX phase of PbTiO3, Wang et al.11 
previously found that the PX phase can 
accommodate up to 17% Zr, implying 
that the same synthesis route may also 
work for Pb(Zr,Ti)O3. The method could 
also be generally applicable to completely 
different compositions of ferroelectric 
and non-ferroelectric matter formed from 
a lower density amorphous precursor. 
As amorphous precursors typically have 
significantly lower density, such a route 
might be used to impart negative pressure 
on the higher density product into which 
they transform.

The possibility of applying negative 
pressure to other materials — beyond 
ferroelectrics — to enhance their 
performance is also intriguing. For example, 

superconductors (such as Sr2RuO4) or 
ferromagnets (such as SrRuO3), where 
positive pressure lowers their transition 
temperatures12,13, might also benefit 
from this treatment. Negative pressure 
is a versatile tuning parameter and, like 
positive pressure or other forms of strain, 
offers a way to access hidden ground 
states. Aided by the ability to now access 
the negative pressure axis to tweak the 
properties of sensitive materials, the design 
space for materials becomes all the more 
immense. Navigating this space to discover 
useful materials for tomorrow is best 
achieved through a combination of theory 
(materials-specific theory in particular) 
with synthesis methods that can tailor 
matter with atomic specificity, including 
the ability to apply negative pressure. As a 
new degree of freedom, negative pressure is 
an important component for the emerging 
materials-by-design paradigm. ❐

Darrell G. Schlom is in the Department of Materials 
Science and Engineering, Cornell University, Ithaca, 

New York 14853-1501, USA. Craig J. Fennie is at 
the School of Applied & Engineering Physics, Cornell 
University, Ithaca, New York 14853-3501, USA. 
e-mail: schlom@cornell.edu

References
1. Lindh, A. E. in Nobel Lectures in Physics 1942–1962 49–52 

(World Scientific, 1998).
2. Drozdov, A. P., Eremets, M. I. & Troyanar, I. A. Preprint at  

http://arXiv.org/abs/1412.0460 (2014).
3. Wang, J. et al. Nature Mater. 14, 985–990 (2015).
4. Tinte, S., Rabe, K. M. & Vanderbilt, D. Phys. Rev. B 

68, 144105 (2003).
5. Hatt, A. J. & Spaldin, N. A. Appl. Phys. Lett. 90, 242916 (2007).
6. Haeni, J. H. et al. Nature 430, 758–761 (2004).
7. Streiffer, S. et al. Phys. Rev. Lett. 89, 067601 (2002).
8. Pertsev, N. A., Zembilgotov, A. G. & Tagantsev, A. K. 

Phys. Rev. Lett. 80, 1988–1991 (1998).
9. Pertsev, N. A., Tagantsev, A. K. & Setter, N. Phys. Rev. B 

61, 825–829 (2000).
10. Li, Y. L., Hu, S. Y., Liu, Z. K. & Chen, L. Q. Appl. Phys. Lett. 

78, 3878–3880 (2001).
11. Wang, J. et al. Chem. Mater. 23, 2529–2535 (2011).
12. Shirakawa, N., Murata, K., Nishizaki, S., Maeno, Y. & Fujita, T. 

Phys. Rev. B 56, 7890–7893 (1997).
13. Shikano, M., Huang, T. K., Inaguma, Y. & Itoh, M. 

Solid State Commun. 90, 115–119 (1994).
14. Schlom, D. G. et al. Mater. Res. Soc. Bull. 39, 118–130 (2014).

Published online: 10 August 2015

TISSUE MECHANICS

Cell jam
Collective cell migration and jamming in the bronchial epithelium helps to understand the pathophysiology 
underlying asthma.

Melody A. Swartz

Under homeostatic conditions, cells 
that make up mature tissues — such 
as blood endothelium, skeletal 

muscle, and pulmonary epithelium — are 
thought to exist in optimized configurations. 
These cells do not generally migrate, unless 
they are subjected to remodelling (as occurs 
in wound repair, or in chronic pathologies 
such as fibrosis and cancer) or perturbed (by 
mechanical stress or chemical stimuli, for 
example). Yet when such normally immotile 
cells wander, they rearrange themselves 
relative to their surroundings, and are often 
seen to move in clusters — a phenomenon 
referred to as collective cell migration1. Such 
cell clusters can invade surrounding tissue 
and migrate to distant sites, which occurs in 
diseases such as cancer, endometriosis and 
lymphangioleiomyomatosis. For example, 
in breast cancer, the transition from ductal 
carcinoma in situ to invasive carcinoma is 
often associated with finger-like projections 
of cells invading as a cohesive, synchronized 
group into surrounding tissue rather than as 
lots of single cells migrating independently 

of each other. Confluent cell monolayers 
(two-dimensional cell sheets) can also 
undergo collective cell migration; in this 
case, swirling cellular movements can be 
observed, with cells again seeming to move 
in packs rather than as individuals. When 
isolated and placed in culture, airway 
epithelial cells are initially highly motile, 
but their movements diminish over time 
until the cells seemingly become lodged and 
stop moving2.

Despite the importance of collective 
cell migration in numerous physiological 
and pathophysiological processes, to date 
the study of the phenomenon has largely 
remained observational, and its underlying 
mechanisms are poorly understood. 
Reporting in Nature Materials, Jin-Ah Park 
and colleagues now propose a theoretical 
framework that describes collective cell 
interactions in airway epithelial cell 
sheets, and demonstrate that flaws in such 
behaviour might underlie pathophysiology, 
at least in airway epithelial cells from 
asthmatic patients3.

Park and co-authors base their analysis 
on the physical phenomenon of particle 
jamming, where, as a result of physical 
crowding, a dense collection of particles 
undergoes a transition from a fluid-like 
state into a solid-like one (as when rice 
grains clog while flowing through a funnel). 
Such transition from fluid-like (unjammed) 
to solid-like (jammed) is distinct from 
crystallization; particles in the jammed state 
remain disordered and can be unjammed 
(for example, by shaking the funnel to 
unclog it), and the transition is generally 
athermal4–6. Jamming is typically studied 
in the context of granular media but can 
also describe materials such as foams, 
bubbles and clays, and has been applied to 
problems as diverse as highway traffic and 
the flow of people through an emergency 
exit4,5. Particle jamming can, in fact, be 
described by statistical mechanics6, where 
a critical value of the packing fraction as 
well as temperature and stress determine 
where the fluid–solid transition occurs; just 
around the critical value, the newly jammed 
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system exhibits some properties of the 
glass transition. Such an analysis allows for 
the prediction of jamming thresholds in a 
variety of particulate systems.

Unlike inert particles, however, cells 
are alive and motile, their movements 
powered by intracellular machinery and 
tensional forces generated from within. Yet 
the behaviour of collections of cells going 
from a seemingly stable configuration 
into suddenly changing ones, and back 
to a new equilibrium configuration, is 
reminiscent of unjamming and re-jamming. 
Surprisingly, although one might expect the 
jamming transition to be associated with 
increased interparticle adhesion (as has 
been shown for inanimate particles), Park 
and co-authors found that the bronchial 
epithelial cells follow the opposite trend — 
that is, unjamming increases with cell–cell 
adhesion. Moreover, intercellular adhesion is 
required for cell monolayers to pull on each 
other and generate line tension or traction 
forces within the cellular collective, and 
intercellular tension is needed for collective 
cell migration. To understand their 
observations, the authors used a theoretical 
model to analyse cell shape (this included 
cell area and perimeter, which reflect 
the balance between energies associated 
with intercellular cell–cell adhesion and 
intracellular cortical tension). They found 
that a critical cell-shape index predicts the 
jamming transition and corresponds well 
with their experimental data.

Furthermore, by imaging bronchial 
epithelial cells isolated from normal and 
asthmatic patients and plated in cell culture, 
the authors observed that normal cells 
undergo a phase transition from highly 
motile (moving as cell clusters) to a more 
locally stable, non-moving (jammed) 
state, but that cells from asthmatic patients 
maintain motility much longer and are more 
resistant to jamming (Fig. 1). The authors 
suggest that the unjammed state promotes 
tissue remodelling and could contribute 
to the pathology seen in asthma, in which 
airway-wall remodelling exacerbates the 
pathology. But in normal cells, excessive 
mechanical stress, such as that experienced 
during asthmatic bronchoconstriction, 
can also promote unjamming. The authors 

hypothesize that the different baseline levels 
of cytoskeletal integrity (that is, cortical 
tension) observed in cells from asthmatic 
patients (in normal cells, lower levels of 
cytoskeletal integrity can also be induced 
by mechanical stress) may translate, in 
the framework of the theoretical model, 
into a shift in the energy balance that 
lowers the barrier to unjamming. In vivo, 
this would imply that, whereas normal 
epithelial cells undergo migration and 
presumably remodelling only under high-
stress conditions, asthmatic tissue behaves 
similarly in both stressed and unstressed 
states, promoting thickening of the 
airway epithelia.

Although the analogy between jammed 
particulate materials and jammed cells 
has limitations, it is fascinating that the 
frameworks developed for the simple 
non-living system can be extended to 
rationalize behaviour in the living one. The 
system studied by Park and colleagues, a 

two-dimensional cell collective, is a useful 
starting point for such analysis. It will 
be interesting to determine the extent to 
which the analogy can be extended into 
three-dimensional cell clusters, which are 
particularly relevant in skin fibrosis and 
cancer invasion. ❐
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Figure 1 | Jamming transition in cell monolayers. a–f, Speed (left) and vector (right) maps of primary 
human bronchial epithelial cells from representative non-asthmatic (a–c) and asthmatic (d–f) donors 
show that cells from asthmatic patients remain mobile (unjammed) for longer before becoming quiescent 
(jammed). Figure reproduced from ref. 3, Nature Publishing Group.
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