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The vast majority of cell biological studies examine function and molecular
mechanisms using cells on flat surfaces: glass, plastic and more recently
elastomeric polymers. While these studies have provided a wealth of valuable
insight, they fail to consider that most biologically occurring surfaces are
curved, with a radius of curvature roughly corresponding to the length scale
of cells themselves. Here, we review recent studies showing that cells detect
and respond to these curvature cues by adjusting and re-orienting their cell
bodies, actin fibres and nuclei as well as by changing their transcriptional
programme. Modelling substratum curvature has the potential to provide
fundamental new insight into cell behaviour and function in vivo.

1. Introduction
For many years, much of the work in modern cell and molecular biology has
focused on understanding how cells sense and respond to cues in their micro-
environment. An early and still ongoing approach examined the effects of
soluble extracellular signals like hormones, growth factors and cytokines. More
recently, research in this area has expanded to include the chemical and mechan-
ical (stiffness) cues in the extracellular matrix (ECM), the insoluble substratum on
whichmost cell types attach and spread. These soluble and insoluble signals have
widespread effects on signalling, gene expression, proliferation, motility, differen-
tiation and survival. Nevertheless, most of these studies have been performed
with cells cultured on planar surfaces even though curved surfaces, with
radii of curvature ranging from the size of a cell (approx. 20–100 microns) to
millimetres, predominate in most biological systems.

Membrane proteins use BAR (Bin, Amphiphysin, Rvs) domains to interact
with and create membrane curvature on the nano-scale, a topic that has been
well reviewed [1–3]. In contrast, less is known about how cells and protein sen-
sors interact with micron-scale curvatures, features particularly prominent in
the vasculature, glands and villi. Cells also interact with artificial features on
this length scale in the form of implanted biomedical devices for regenerative
medicine; might the curvatures in these devices need to be considered during
their fabrication? Though the field is nascent, studies to date suggest that
micron-scale substratum curvature represents a new frontier in understanding
cellular responses to their microenvironment.
2. Basics of curvature
The curvature at any point along a curved contour is given by

k ¼ 1
Rc

, ð2:1Þ
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Figure 1. Contour curvature. Osculating circle (light blue) at the point of
interest (red dot) along a curve (dark blue). Rc = radius of curvature.
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Figure 2. Surfaces with various Gaussian curvatures. Top from left to right:
representative cylindrical, saddle and bowl/spherical surfaces with zero, nega-
tive and positive Gaussian curvature, respectively. Dashed red lines indicate
the principal axes of curvature. Bottom: Tissues exhibiting each of these
kinds of Gaussian curvature. The cylindrical portion of blood vessels
(bottom left) have zero Gaussian curvature (blue), but negative Gaussian cur-
vature exists where one blood vessel branches from another (green). Glands
(bottom right) have positive Gaussian curvature (cyan). The two solid lines in
each region represent the principal contours of the surface along the principal
directions.
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where Rc is the radius of an osculating circle at that cor-
responding point (figure 1). This radius is called the radius
of curvature and is the curvature length scale.

The curvature at any point along a surface is character-
ized by the principal curvatures of the surface at that point
(figure 2; see red dashed lines in top images); the principal
curvatures κ1 and κ2 are the maximum and minimum curva-
tures of surface contours that pass through the point. Surfaces
are characterized by various kinds of curvature. For example,
the mean curvature is defined as

H ¼ k1 þ k2
2

ð2:2Þ

and, of particular interest in this review, the Gaussian
curvature is

K ¼ k1k2: ð2:3Þ

The sign of the Gaussian curvature describes the general
shape of a curved surface. Surfaces with zero Gaussian curva-
ture must have at least one principal curvature equal to zero,
so that the contour tangent to the surface in the principal direc-
tion is a straight line (figure 2, left). Examples include planes or
cylinder-like structures. Saddle-like structures (figure 2,middle)
have two non-zero principal curvatures that curve in opposite
directions and thus have opposite signs and negative Gaussian
curvature.Hill- andvalley, or bowl-like, surfaces (figure 2, right)
have non-zero principal curvatures that curve in the same
direction and thus have positive Gaussian curvature.
3. Micron-scale curvature in physiology
The vasculature is a classic example of a complex geometric
surface. In mammals, vessel diameters decrease with distance
from the heart. The smallest vessels, which can have radii as
small as 3 µm [4], consist of endothelial cells and their base-
ment membrane. In fact, the endothelial cells in these small
vessels constitute the curved surface itself. Larger vessels incor-
porate additional layers of cells, either mural cells or vascular
smooth muscle cells (VSMCs), depending on the vessel.
In large arteries, layers of VSMCs are spaced between layers
of elastin. Arterial VSMCs are highly elongated and typically
align circumferentially or in a helical direction with a pitch of
20–40° [5]. Cells in the vasculature thus experience zero Gaus-
sian curvature in the straight, cylindrical portions of vessels
and negative Gaussian curvature at branch points (figure 2,
top middle and bottom left). Epithelial cells, which form
many surfaces within the body, including the skin, ducts, the
lining of mammary glands and intestinal crypts, and lung
alveolae, also constitute and experience curved surfaces on
the micron scale. Myoepithelial cells [6,7] interact with glands
that have positive Gaussian curvature (figure 2, top and
bottom right). Unlike VSMCs, which wrap around blood
vessels in the circumferential direction, breast myoepithelial
cells align axially along the cylindrical ducts formed by luminal
epithelial cells [8]. Similar geometries and curvatures also exist
in simpler eukaryotes and throughout the plant kingdom.
4. Cellular responses to micron-scale
grooves, adhesive islands and curves

Several studies have shown that micron-scale geometric
cues influence cell alignment. For example, cells cultured on
surfaces with micron-scale grooves align along the long
groove axis, and the alignment strength is inversely pro-
portional to groove width (reviewed in [9,10]). Additionally,
sharp corners, which have high curvature, alter migration
and actin microfilament formation [11]. Cells cultured on
microcontact-printed stripes also align strongly in the stripe
direction [12,13], showing that sharp corners are not required
for contact guidance.

In addition to affecting the alignment of cells, micron-
scale geometric cues direct the alignment of actin stress
fibres (SFs). SFs are macromolecular bundles of filamentous
actin (f-actin) and type II myosins; their development is con-
trolled by a number of actin-binding and -modifying proteins
[14–16]. SFs play critical roles in generating cell contractility
and are often categorized as ventral, dorsal, transverse arc,
and perinuclear actin caps. This categorization is based, at
least in part, on the association of SFs with focal adhesion
proteins, their position relative to the nucleus and their
mechanical properties [14–18].

SFs are responsive to geometric cues. For example, SFs
respond to the shape of adhesive islands of various geometries
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that are micro-contact printed on planar surfaces. Cells cul-
tured on V-shaped islands form SFs along the periphery of
the shape, but also form very prominent SFs that span across
the non-adhesive side [19]. When cultured on a complete out-
lined triangle of the same size as a V-shaped island, cells form
more homogeneous SFs than those formed on the V-shaped
island [19]. SFs tend to form where an adhesive island has
concave edges, and lamellipodia-like structures form where
the island has convex corners [20]. Similar results have
been reported for advancing Madin–Darby canine kidney
(MDCK) epithelial cells cultured in flower-shaped adhesive
structures with convex and concave domains [21]. Further-
more, at convex edges the lamellipodia-like structures in
these advancing MDCK epithelial cells have the usual
retrograde flow of actin fibres, while at convex edges, actin
flow is anterograde [21]. Interestingly, by culturing cells on a
crossbow-shaped pattern, the morphology of a migrating,
cone-shaped cell could be reproducibly generated [22]. Cells
cultured on these crossbow shapes formed a lamellipodium
at the broad, convex end whereas SFs formed along the sides
and ventral portion of the cell. Thus, geometry influences
organization of the actin cytoskeleton in a manner that
influences cell polarization. Fibrous structures also change SF
behaviour. Chao and colleagues [23] have cultured fibroblasts
on electrospun poly-L-lactic acid fibres that model the wavi-
ness (crimp) of collagen-I fibres in vivo. Using this system,
they showed that the degree of crimp affects the actin cytoske-
leton: straight fibres result in cells having more actin SFs while
increasing waviness of the fibres leads to shorter and thicker
actin bundles [23].
5. Cell and stress fibre alignment on
cylinders and the role of actin bending
penalties

Studies dating back to the 1940s showed that Schwann cells
cultured on glass fibres with 13 µm radii aligned along the
cylinder axis [24]. A seminal paper by Dunn & Heath in
1976 [11] then showed that the degree of axial alignment is
inversely related to cylinder radius, indicating that alignment
on cylinders is dependent on the degree of micron-scale
curvature. From these and related experiments, Dunn &
Heath proposed a new hypothesis that actin microfilaments
(newly discovered at that time) serve as structural elements
and would be unable to properly operate when bent. In
essence, they proposed that cells would preferentially align
actin filaments, and ultimately the cell bodies themselves,
to minimize the energy penalty from bending [11].

Work from other groups has reinforced the importance of
actin bending penalties but also provided additional insight
into SF bending in response to curvature. Svitkina et al. [25]
showed that while most of the SFs in normal fibroblasts are
long and align along the axial direction, fibroblasts also have
a small population of short SFs that wrap in the circumferential
direction, a condition inwhich SFs are themost bent. Addition-
ally, some epithelial and transformed cells lack the curvature
response of normal fibroblasts and have SFs aligned in
the circumferential direction [25–28]. Thus, while the notion
of actin bending penalties remains an important concept in
understanding curvature cues, the mechanism(s) driving SF
alignment cannot be explained solely by an energy penalty
for actin bending.

Consistent with the studies above, we found that isolated
human VSMCs and mouse embryo fibroblasts (MEFs) align
in the axial direction when cultured on cylinders with radii
equal to the cell length scale and that this preferential align-
ment was lost as the radius of curvature increased [29].
We also observed the two SF subpopulations described by
Svitkina et al. (see above) in these cells, but a Z-stack analysis
showed that these two subpopulations could be distinguished
by their position relative to the nucleus [29]. One population
reached over the top of the nucleus, and we have called these
‘apical’ SFs. These apical SFs align strongly in the axial direc-
tion on cylinders with small radii of curvature and align less
strongly as the radius of curvature is increased. The second, cir-
cumferentially aligned subpopulation was found below the
nucleus, and we have called these ‘basal’ SFs. Basal SFs align
circumferentially, nearly orthogonal to apical SFs and are sig-
nificantly shorter than apical SFs. Both apical and basal SFs
are likely subgroups within the ventral SF class, as defined
by the presence of focal adhesions at both ends.

Interestingly, Rho activation in cells on cylinders led to the
disassembly of apical SFs whereas the basal SFs became thick
and robustly aligned circumferentially [29]. In fact, byactivating
Rho in confluent monolayers of VSMCs, we recapitulated the
circumferential orientation of f-actin that is observed within
blood vessels in vivo. Curiously, inhibition of Rho kinase, a
kinase activated by Rho-GTP, also eliminated the apical
population of SFs, and a small number of circumferentially
oriented, thin, basal SFs were the only ones that remained in
Rho kinase-inhibited cells [29]. One possible explanation for
this paradoxical finding is that basal SFs may be more stable
and resistant to perturbations of the Rho/ROCK pathway
than apical SFs.

As a complement to the studies above, in which cells were
cultured on the convex outer surface of cylinders, others have
cultured cells on concave, semi-cylindrical grooves of nega-
tive mean curvature (equation (2.2)). Yip et al. reported that
the negative mean curved wells drive elongation of both
fibroblasts and MDCK (epithelial) cells [30]. The degree of
elongation was inversely correlated to the radius of curvature
in the fibroblasts but was found to be bi-phasic in the MDCK
cells. An energy minimization model indicated that MDCK
cell elongation is dependent on the balance between curva-
ture-dependent intercellular adhesion (which inhibits
elongation) and intracellular cortical actin bending (which
promotes elongation). Broaders et al. [31] reported that nega-
tively mean-curved channels (troughs, 100 μm wide), but not
positively mean-curved channels (ridges) or planar surfaces,
promote detachment of MDCK cell sheets. Both sets of exper-
iments linked the effects of negative mean curvature to the
Rho pathway. Using actin SFs and nuclear polarization as
surrogates, Liu et al. showed that axial alignment is attenu-
ated at cylinder ends [32], perhaps because the edge effect
dominates over the curvature effect.
6. Cell and stress fibre alignment on more
complex micron-scale curved substrata

As discussed above, the cylinder is a common biological geo-
metry with zero Gaussian curvature. However, surfaces with
more complex curvature fields and non-zero Gaussian
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Figure 3. (a) Diagram of the sphere with skirt (SWS) showing the directions
of radial and azimuthal migration. Scale bar, 50 μm. (b) Diagram of apical
SFs forming chords (red) on the saddle region of the SWS versus the under-
lying basal SFs (yellow) which bend and align azimuthally. The blue arrow
points in the direction normal to the surface at the centre of the cell. Images
are reproduced with permission from [34]. Copyright © Elsevier.
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curvatures exist throughout nature. Two recent studies probed
the importance of non-zero Gaussian curvature substrata.
Pieuchot et al. [33] fabricated a curved substratum in which
two sinusoidal functions are mutually perpendicular to
yield a surface of micron-scale ‘hills’ and bowl-like ‘valleys’
of defined dimensions. Cells plated on this surface see
convex hills and concave valleys of positive Gaussian curva-
ture smoothly connected via saddle-like negative Gaussian
curvature domains. Recently, we fabricated amicron-scale sub-
stratum, called a sphere with skirt (SWS) that seamlessly
connects a convex hill or ‘spherical cap’ of positive Gaussian
curvature to a saddle-like skirt of negative Gaussian curvature
[34] (figure 3a). The radius of curvature of the SWS surface
(roughly 80–500 µm) is on the order of a cell length scale.
These two platforms are complementary in that both surfa-
ces contain micron-scale regions of positive and negative
Gaussian curvature but differ in their concavity/convexity.
The Pieuchot platform has both convex hills and concave
bowl-shaped domains, whereas the SWS has convex spherical
capped regions. On the SWS, isolatedMEFs and VSMCs stably
adhere andmigrate on the surfaces of saddle-like curvature but
are never observed on the spherical cap. Similarly, fibroblasts
and mesenchymal stem cells avoid the hills and likely traverse
the saddle-like domains in the Pieuchot platform to settle in the
bowl-like valleys, a response they have termed ‘curvotaxis’.

The selective adhesion of cells in bowls and on saddle-like
surfacesmight be related to the SF bending argument described
above. Our live cell imaging of fluorescently-tagged actin in
MEFs [34] showed that cells extend lamellipodia onto the
spherical caps of the SWS, but the apical SFs terminate near
the line of inflection (i.e. the line where the spherical cap tran-
sitions to the skirt). We posit that the cells are using these
lamellipodia to probe their curvature landscape but find that
they are unable to form sufficiently stable adhesions to support
the SFs thatwould allow radialmigration onto the cap. Thus, on
a convex positive Gaussian curvature surface (i.e. the SWS
spherical cap), there is no configuration in which the long,
apical SFs could avoid bending. Consistent with this hypoth-
esis, we found that MEFs were able to attach and spread on
the spherical cap of a larger SWS surface with similar overall
geometry but smaller principal curvatures. The apical SFs in
these cells were significantly shorter than those in cells on the
skirts of this surface, a finding that also supports the resistance
to bending argument because the total energetic penalty for SF
bending scales with the length of the SF.

A confocal scan through the cells revealed that apical and
basal SFs are also present in cells cultured on the negative
Gaussian curvature skirt portion of the SWS; apical SFs
align in the radial direction while basal SFs aligned largely
in the azimuthal direction (figure 3b). Although the long,
apical SFs on the SWS align along the direction of maximum
curvature, they also remained unbent. Instead of following
the surface contour, these SFs formed straight chords over
the saddle-like portion of the surface (figure 3b). Thus,
much like on cylindrical surfaces, apical SFs in cells on a
saddle-like surface of negative Gaussian curvature align in
a manner that minimizes their bending. This same argument
may explain the ability of cells to settle in bowl-like valleys
[33]. Basal SFs, on the other hand, preferentially aligned in
the direction in which they are most bent on the SWS surface,
again similar to the alignment behaviour we and others have
seen in cells on cylinders [25,29].

Biton & Safran have developed a theoretical model [35]
that may explain the unbent versus bent alignment patterns
of apical and basal SFs, respectively, based on balance
between SF bending energy and contractility. In this model,
SFs tend to align in the axial direction when bending
energy dominates. However, if contractility dominates over
bending energy penalties, then SFs tend to align along the cir-
cumferential direction. Additionally, this argument has the
potential to explain the enhanced appearance and circum-
ferential alignment of basal SFs in Rho-activated cells on
cylinders, as Rho activation increases myosin II-mediated
contractility [36]. This model, however, does not fully account
for the dynamic nature of SFs, which are continually poly-
merizing and depolymerizing as the cell migrates and
proliferates. While bending energy penalties may adequately
describe an inert material, such as a metal or glass rod, they
do not fully encapsulate the behaviour of a complex network
of polymers within a living cell.

Recently, Winkler et al. developed a physics-based reduc-
tionist model that simulated lamellipodial-based cell motility
on curved surfaces in response to anisotropically aligned
f-actin tangent and normal to the surfaces [37]. Cell align-
ment, migration velocity and direction were influenced by
the principal curvatures and were related to the geometric
features of the cell, the generation of actin filaments adjacent
to the surfaces, and the associated forces exerted by these
filaments. Several experimental findings were replicated
with this computational model, including alignment and
migration along a cylindrical axis when cells were seeded
on the exterior of a cylinder. Additionally, the model can
account for key features of migration on SWSs such as avoid-
ance of spherical caps and repolarization of migration
directions on surfaces with negative Gaussian curvature.
The alignment and migration of elongated cells in this
model did not include potential contributions of the cell
nucleus nor did the model include actin SFs per se. Thus,
the role of SFs, including possibly distinct effects arising
from differential bending of apical versus basal SFs, remains
to be addressed.

Others have also investigated the mechanics of cells and
curvature [30,38–42]. These investigations provide insight
into the manner in which cells respond to topography in
the form of curvature, channels and grooves, as well as ident-
ify the cytoskeletal elements that play key roles in cellular
responses to curvature. For instance, in fibroblasts, micro-
tubules align with a grooved substrate first, followed by
focal adhesions, then by SFs [40]. However, actin and
microtubule disruption experiments performed in neurons
by Hoffman-Kim et al. found that cell orientation was reduced
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when actin was disrupted but not when microtubules were dis-
rupted [38]. The difference in cell types notwithstanding, these
results suggest that actin may be the more critical structure
regarding cellular orientation on topographically varied sub-
strata. Consistent with this idea, Pieuchot et al. reported that
inhibition of actin polymerization, myosin-mediated contracti-
lity, Arp2, Cdc42 and Rho prevented curvotaxis whereas
inhibition of microtubule polymerization with nocodozole had
little effect [33]. Similarly, the perinuclear distribution pattern
of vimentin intermediate filaments and the distribution of
microtubules are relatively resistant to changes in micron-scale
curvatures [43].
 ob
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7. Micron-scale curvature drives differential
gene expression

Micron-scale curvature can act as a microenvironmental cue
governing gene expression. Chao et al. found that micron-
scale waves generated from electrospun poly-L-lactic acid
fibres direct fibroblasts to express high levels of type I collagen
and tenascin C as compared to the same cells cultured on
straight fibres; the effect of waviness on collagen-I mRNA
levels could be reversed by stretching the fibres to 4% strain
[23]. Soscia et al. cultured a parotid gland acinar cell line on
micron-scale craters that modelled the micron-scale curvature
of the basement membrane surrounding salivary gland
acinar cells. The results showed that culturing acinar cells on
craters of 30-µm radii led to increased expression of occludin
and aquaporin-5 [44]. RNASeq analysis of mesenchymal
stem cells on the sinusoidal curvature platform developed
by Pieuchot et al. [33] identified several hundred genes that
were differentially expressed by 5-day exposure to curvature;
many of these genes were downregulated by the curvature
cue. The downregulated genes include those that encode pro-
teins expressed in differentiated tissues, transcription factors
involved in differentiation processes, and genes involved in
the response to stress, cytoskeleton remodelling, and cell pro-
liferation. However, transcriptional effects selectively arising
from negative and positive Gaussian regions of the saddle-
like sides and bottom valleys, respectively, of the sinusoids
were not individually explored [33].

How might substratum curvature regulate gene
expression? Although this is probably a complex issue, one
possible effect of concavity may be related to changes in
nuclear compression. For example, when cells are cultured on
planar surfaces, their apical SFs can make deep grooves in
the surface of the nucleus; when these apical SFs are disrupted,
compression is relieved and the nucleus can become up to
approximately 60% thicker [45,46]. These types of changes in
nuclear shape and size affect chromatin organization and
gene expression [47–49]. Curvature-sensitive nuclear defor-
mation can reduce mechanical restriction in nuclear pores
and increase active nuclear import of the mechanosensitive
transcriptional co-regulator, YAP [50]. Finally, indentation of
the nucleus controls retention of DNA repair factors [51]. The
formation of chords in cells cultured on surfaces with negative
Gaussian curvature may stabilize cell adhesionwhile lessening
the degree to which SFs indent the nucleus. And as discussed
above, the same principle may apply to cells in bowl-like val-
leys. Changes in the transcriptome and genome integrity due
to substratum curvature effects on SF-mediated nuclear
compression provides a very new way of thinking about the
spatial regulation of gene expression within cells and tissues.
8. Micron-scale curvature controls cell
motility and nuclear positioning

Recent work has begun to establish how micron-scale curva-
ture affects cell motility and underlying changes in SFs and
nuclear positioning. Xu et al. [52] micropatterned curved
strips that model airway walls of varying micron-scale curva-
tures and found a biphasic response in migration velocity,
which first decreased and then increased with curvature.
Larger curvature fields on the micron scale also reduce the
rate at which epithelial sheets undergo collective migration
inside microtubes [53] and increase the rate at which mesench-
ymal stem cells (MSCs)migrate on the outside of cylinders [54].
Moreover, when the radius of curvature roughly equals the cell
length scale, MSCs preferentiallymigrate along a long cylinder
axis (where apical SFs are less bent; see above) even if the
adhesive ECM protein (collagen) is imprinted orthogonally.
Thus, in this system, a micron-scale curvature cue dominates
over a nanoscale ECM cue [54].

In our SWS surface, real-time imaging showed that MEFs
migrate radially (up the platform towards the cap) through
the region of negative Gaussian curvature until they reach
the inflection point (figure 3b). At this point, they continue
to explore their curvature microenvironment by extending
and retracting protrusions but change their direction of
migration to azimuthal, around the circumference of the
feature [34]. Similarly, cells also extend and retract protru-
sions when plated on the sinusoidal platform developed by
Pieuchot et al., but in this geometry, the cells prefer to keep
their nuclei in the concave valleys and move them in a salta-
tory manner, presumably to minimize contact with convex
surfaces during cell migration [33]. The nuclei in these valleys
are more spherical than those on flat surfaces. Both azimuthal
motility on the SWS inflection point and nuclear residence in
the valleys of sinusoids are likely to minimize SF nuclear
compression as discussed above.

In cylindrical grooves, formation of long, thick SFs is
impeded by high curvature, and this effect may promote cell
migration in the axial direction [54]. Interestingly in collectively
migrating cells, leader and follower cells similarly aligned their
SFs in the axial direction when exposed to high curvatures
(diameters less than 75 µm), but the curvature cue was better
retained in leader cells as the degree of curvature increased
[53]. We found that the ratio of apical to basal SFs remains lar-
gely unchanged as MEFs migrate from near-planar to negative
Gaussian regions of the SWS even though SFs alignment and
direction of cell migration change as discussed above. This
finding is very different from the behaviour of cells on planar
and near-planar surfaces where apical SFs align in and predict
the direction of cell migration [55].

Relationships between micron-scale curvature and nuclear
positioning are just beginning to be explored. Chao and
colleagues showed that changes in the degree of micron-scale
crimp regulate nuclear orientation with strain [56]. Positioning
of the nucleus, typically behind the centroid at least in cells
on flat surfaces, is thought to be a prerequisite for migration
and is strongly regulated by the subset of actin filaments that
has been termed dorsal actin cables or perinuclear actin caps
[18,46,57–59]. This actin subset connects to the LINC complex,
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a multi-component complex containing outer nuclear mem-
brane nesprins and inner nuclear membrane SUN proteins
that connect the actin cytoskeleton to the nuclear lamina
[59,60]. LINC complex disruption interferes with nuclear
positioning and migration of cells on flat surfaces [57,58,61],
as well as curvotaxis of cells on sinusoidal surfaces [33]. We
posit that the uncoupling between the direction of apical SFs
and migration on the SWS may also reflect a curvature-
sensitive coupling and uncoupling between actin filaments
and the nucleus via the LINC complex.
rnal/rsob
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9. Can the principles of soft matter physics
help to inform our understanding of
curvature sensing by cells?

There are provocative correlations between the alignment of
cells and inanimate soft matter in response tomicron-scale cur-
vature. For example, elongated colloids align radially and
migrate when trapped at fluid–fluid interfaces shaped like a
negative Gaussian curvature skirt [62]. Additionally, elongated
block copolymer domains align radially on the skirt of a
SWS-like surface [63]. In these soft matter systems, curvature
alignment emerges as a result of free energy minimization.
Elongated colloids align radially on negative Gaussian curva-
ture interfaces to minimize the interfacial area and thus the
interfacial energy. The cylindrical block copolymer domains
are constrained to be equally spaced and adsorbed to the sur-
face, but they also align radially on a negative Gaussian
curvature surface to minimize the free energy of the system.
Surface tension in the case of colloidal particles and bending
energies in the case of cylindrical block copolymer domains
impose energetic penalties for deviating from preferred
patterns. Reacting or time-evolving systems evolve along path-
ways to minimize their free energy, so related thermodynamic
concepts apply even far from equilibrium.

Elongated cells and their actin SFs are reminiscent of these
cylindrical block copolymer domains in that they are anisotro-
pic in shape and resistant to bending. Even if cells and their
apical SFs seek to minimize their free energy like the polymer
system, the means by which they do this are probably very
different. In the passive polymer system, thermal fluctuations
enable the molecules to explore their energy landscapes and
ultimately find minimum energy configurations. Instead of
being driven by thermal fluctuations, cells actively explore
free energy landscapes by consuming energy, typically by
hydrolysing ATP and/or GTP. Is the consumption of these
energy currencies driven by a complex decision-making pro-
cess, or does it rather allow cells to move dynamically along
paths that reduce their free energy (or equivalently maximize
entropy production) as in inanimate, soft matter systems?
The similarities between the alignment patterns observed in
passive systems and cells suggest that at least a component of
cell and SF alignment may be defined by energy minimization.
Even as molecular mechanisms of curvature sensing become
better elucidated, the degree to which principles of soft
matter physics can guide cellular responses to the complex cur-
vatures of developing and preexisting biological tissues will
remain a fascinating matter for further study.
Data accessibility. This article has no additional data.
Competing interests. We declare we have no competing interests.

Funding. This work was supported by NIH grant no. HL137232 and
the Center for Engineering MechanoBiology, a National Science
Foundation Science and Technology Center, under grant agreement
CMMI 1548571.
References
1. Rao Y, Haucke V. 2011 Membrane shaping by the
Bin/amphiphysin/Rvs (BAR) domain protein
superfamily. Cell. Mol. Life Sci. 68, 3983–3993.
(doi:10.1007/s00018-011-0768-5)

2. Lou HY, Zhao W, Zeng Y, Cui B. 2018 The role of
membrane curvature in nanoscale topography-
induced intracellular signaling. Acc. Chem. Res. 51,
1046–1053. (doi:10.1021/acs.accounts.7b00594)

3. Stanishneva-Konovalova TB, Derkacheva NI,
Polevova SV, Sokolova OS. 2016 The role of BAR
domain proteins in the regulation of membrane
dynamics. Acta Naturae 8, 60–69. (doi:10.32607/
20758251-2016-8-4-60-69)

4. Boron WF, Boulpaep EL. 2012 Medical physiology: a
cellular and molecular approach. Philadelphia, PA:
Saunders.

5. Rhodin JA. 2014 Architecture of the vessel wall. In
Comprehensive physiology (ed. R Terjung), pp. 1–31.
Hoboken, NJ: John Wiley.

6. Garrett JR, Emmelin N. 1979 Activities of salivary
myoepithelial cells: a review. Med. Biol. 57, 1–28.

7. Gudjonsson T, Adriance MC, Sternlicht MD,
Petersen OW, Bissell MJ. 2005 Myoepithelial
cells: their origin and function in breast
morphogenesis and neoplasia. J. Mammary Gland
Biol. Neoplasia 10, 261–272. (doi:10.1007/s10911-
005-9586-4)

8. Emerman JT, Vogl AW. 1986 Cell size and shape
changes in the myoepithelium of the mammary
gland during differentiation. Anat. Rec. 216,
405–415. (doi:10.1002/ar.1092160310)

9. Tamiello C, Buskermolen ABC, Baaijens FPT, Broers
JLV, Bouten CVC. 2016 Heading in the right
direction: understanding cellular orientation
responses to complex biophysical environments.
Cell. Mol. Bioeng. 9, 12–37. (doi:10.1007/s12195-
015-0422-7)

10. Lim JY, Donahue HJ. 2007 Cell sensing and response
to micro- and nanostructured surfaces produced by
chemical and topographic patterning. Tissue Eng.
13, 1879–1891. (doi:10.1089/ten.2006.0154)

11. Dunn GA, Heath JP. 1976 A new hypothesis of
contact guidance in tissue cells. Exp. Cell Res. 101,
1–14. (doi:10.1016/0014-4827(76)90405-5)

12. Alford PW, Nesmith AP, Seywerd JN, Grosberg A,
Parker KK. 2011 Vascular smooth muscle
contractility depends on cell shape. Integr. Biol. 3,
1063–1070. (doi:10.1039/c1ib00061f )
13. Zimerman B, Arnold M, Ulmer J, Blümmel J, Besser
A, Spatz JP, Geiger B. 2004 Formation of focal
adhesion-stress fibre complexes coordinated by
adhesive and non-adhesive surface domains. IEE
Proc. Nanobiotechnol. 151, 62–66. (doi:10.1049/ip-
nbt:20040474)

14. Tojkander S, Gateva G, Lappalainen P. 2012 Actin
stress fibers—assembly, dynamics and biological
roles. J. Cell Sci. 125, 1855–1864. (doi:10.1242/jcs.
098087)

15. Livne A, Geiger B. 2016 The inner workings of stress
fibers—from contractile machinery to focal
adhesions and back. J. Cell Sci. 129, 1293–1304.
(doi:10.1242/jcs.180927)

16. Burridge K, Guilluy C. 2016 Focal adhesions, stress
fibers and mechanical tension. Exp. Cell Res. 343,
1–16. (doi:10.1016/j.yexcr.2015.10.029)

17. Lee S, Kumar S. 2018 Actomyosin stress fiber
subtypes have unique viscoelastic properties and
roles in tension generation. Mol. Biol. Cell 29,
1992–2004. (doi:10.1091/mbc.E18-02-0106)

18. Kim D-H, Khatau SB, Feng Y, Walcott S, Sun SX,
Longmore GD, Wirtz D. 2012 Actin cap associated
focal adhesions and their distinct role in cellular

http://dx.doi.org/10.1007/s00018-011-0768-5
http://dx.doi.org/10.1021/acs.accounts.7b00594
http://dx.doi.org/10.32607/20758251-2016-8-4-60-69
http://dx.doi.org/10.32607/20758251-2016-8-4-60-69
http://dx.doi.org/10.1007/s10911-005-9586-4
http://dx.doi.org/10.1007/s10911-005-9586-4
http://dx.doi.org/10.1002/ar.1092160310
http://dx.doi.org/10.1007/s12195-015-0422-7
http://dx.doi.org/10.1007/s12195-015-0422-7
http://dx.doi.org/10.1089/ten.2006.0154
http://dx.doi.org/10.1016/0014-4827(76)90405-5
http://dx.doi.org/10.1039/c1ib00061f
http://dx.doi.org/10.1049/ip-nbt:20040474
http://dx.doi.org/10.1049/ip-nbt:20040474
http://dx.doi.org/10.1242/jcs.098087
http://dx.doi.org/10.1242/jcs.098087
http://dx.doi.org/10.1242/jcs.180927
http://dx.doi.org/10.1016/j.yexcr.2015.10.029
http://dx.doi.org/10.1091/mbc.E18-02-0106


royalsocietypublishing.org/journal/rsob
Open

Biol.9:190155

7
mechanosensing. Sci. Rep. 2, 555. (doi:10.1038/
srep00555)

19. Théry M, Pépin A, Dressaire E, Chen Y, Bornens M.
2006 Cell distribution of stress fibres in response to
the geometry of the adhesive environment. Cell
Motil. Cytoskeleton 63, 341–355. (doi:10.1002/cm.
20126)

20. James JH, Goluch E, Hu H, Liu C, Mrksich M. 2009
Subcellular curvature at the perimeter of
micropatterned cells influences lamellipodial
distribution and cell polarity. Cell Motil. Cytoskeleton
65, 841–852. (doi:10.1002/cm.20305)

21. Chen T et al. 2019 Large-scale curvature sensing by
directional actin flow drives cellular migration mode
switching. Nat. Phys. 15, 393–402. (doi:10.1038/
s41567-018-0383-6)

22. Thery M, Racine V, Piel M, Pepin A, Dimitrov A,
Chen Y, Sibarita J-B, Bornens M. 2006 Anisotropy of
cell adhesive microenvironment governs cell internal
organization and orientation of polarity. Proc. Natl
Acad. Sci. USA 103, 19 771–19 776. (doi:10.1073/
pnas.0609267103)

23. Chao PHG, Hsu HY, Tseng HY. 2014 Electrospun
microcrimped fibers with nonlinear mechanical
properties enhance ligament fibroblast phenotype.
Biofabrication 6, 1–10. (doi:10.1088/1758-5082/6/
3/035008)

24. Weiss P. 1945 Experiments on cell and axon
orientation in vitro: the role of colloidal exudates in
tissue organization. J. Exp. Zool. 100, 353–386.
(doi:10.1002/jez.1401000305)

25. Svitkina TM, Rovensky YA, Bershadsky AD, Vasiliev
JM. 1995 Transverse pattern of microfilament
bundles induced in epitheliocytes by cylindrical
substrata. J. Cell Sci. 108, 735–745.

26. Fisher PE, Tickle C. 1981 Differences in alignment of
normal and transformed cells on glass fibres. Exp.
Cell Res. 131, 407–410. (doi:10.1016/0014-
4827(81)90244-5)

27. Rovensky YA, Samoilov VI. 1994 Morphogenetic
response of cultured normal and transformed
fibroblasts, and epitheliocytes, to a cylindrical
substratum surface: possible role for the actin
filament bundle pattern. J. Cell Sci. 107,
1255–1263.

28. Levina EM, Domnina LV, Rovensky YA, Vasiliev JM.
1996 Cylindrical substratum induces different
patterns of actin microfilament bundles in
nontransformed and in ras-transformed
epitheliocytes. Exp. Cell Res. 229, 159–165. (doi:10.
1006/excr.1996.0354)

29. Bade ND, Kamien RD, Assoian RK, Stebe KJ. 2017
Curvature and Rho activation differentially control
the alignment of cells and stress fibers. Sci. Adv. 3,
1–8. (doi:10.1126/sciadv.1700150)

30. Yip AK, Huang P, Chiam K-H. 2018 Cell-cell
adhesion and cortical actin bending govern
cell elongation on negatively curved substrates.
Biophys. J. 114, 1707–1717. (doi:10.1016/j.bpj.
2018.02.027)

31. Broaders KE, Cerchiari AE, Gartner ZJ. 2015
Coupling between apical tension and basal
adhesion allow epithelia to collectively sense
and respond to substrate topography over long
distances. Integr. Biol. 7, 1611–1621. (doi:10.1039/
c5ib00240k)

32. Liu C, Xu J, He S, Zhang W, Li H, Huo B, Ji B. 2018
Collective cell polarization and alignment on curved
surfaces. J. Mech. Behav. Biomed. Mater. 88,
330–339. (doi:10.1016/j.jmbbm.2018.08.014)

33. Pieuchot L et al. 2018 Curvotaxis directs cell
migration through cell-scale curvature landscapes.
Nat. Commun. 9, 1–13. (doi:10.1038/s41467-018-
06494-6)

34. Bade ND, Xu T, Kamien RD, Assoian RK, Stebe KJ.
2018 Gaussian curvature directs stress fiber
orientation and cell migration. Biophys. J. 114,
1467–1476. (doi:10.1016/j.bpj.2018.01.039)

35. Biton YY, Safran SA. 2009 The cellular response to
curvature-induced stress. Phys. Biol. 6, 1–8. (doi:10.
1088/1478-3975/6/4/046010)

36. Levayer R, Lecuit T. 2012 Biomechanical regulation
of contractility: spatial control and dynamics. Trends
Cell Biol. 22, 61–81. (doi:10.1016/j.tcb.2011.10.001)

37. Winkler B, Aranson IS, Ziebert F. 2019 Confinement
and substrate topography control cell migration in a
3D computational model. Commun. Phys. 2, 82.
(doi:10.1038/s42005-019-0185-x)

38. Hoffman-Kim D, Mitchel JA, Bellamkonda RV. 2010
Topography, cell response, and nerve regeneration.
Annu. Rev. Biomed. Eng. 12, 203–231. (doi:10.
1146/annurev-bioeng-070909-105351)

39. Teixeira AI, Abrams GA, Bertics PJ, Murphy CJ,
Nealey PF. 2003 Epithelial contact guidance on well-
defined micro-and nanostructured substrates. J. Cell
Sci. 116, 1881–1892. (doi:10.1242/jcs.00383)

40. Oakley C, Brunette DM. 1993 The sequence of
alignment of microtubules, focal contacts and actin
filaments in fibroblasts spreading on smooth and
grooved titanium substrata. J. Cell Sci. 106,
343–354.

41. He X, Jiang Y. 2017 Substrate curvature regulates
cell migration. Phys. Biol 14, 1–19. (doi:10.1088/
1478-3975/aa6f8e)

42. Kwon KW, Park H, Doh J. 2013 Migration of T cells
on surfaces containing complex nanotopography.
PLoS ONE 8, 1–6. (doi:10.1371/journal.pone.
0073960)

43. Shabbir SH, Cleland MM, Goldman RD, Mrksich M.
2014 Geometric control of vimentin intermediate
filaments. Biomaterials 35, 1359–1366. (doi:10.
1016/j.biomaterials.2013.10.008)

44. Soscia DA, Sequeira SJ, Schramm RA, Jayarathanam
K, Cantara SI, Larsen M, Castracane J. 2013 Salivary
gland cell differentiation and organization on
micropatterned PLGA nanofiber craters. Biomaterials
34, 6773–6784. (doi:10.1016/j.biomaterials.2013.
05.061)

45. Versaevel M, Braquenier J-B, Riaz M, Grevesse T,
Lantoine J, Gabriele S. 2014 Super-resolution
microscopy reveals LINC complex recruitment at
nuclear indentation sites. Sci. Rep. 4, 1–8. (doi:10.
1038/srep07362)

46. Khatau SB, Hale CM, Stewart-Hutchinson PJ, Patel
MS, Stewart CL, Searson PC, Hodzic D, Wirtz D. 2009
A perinuclear actin cap regulates nuclear shape.
Proc. Natl Acad. Sci. USA 106, 19 017–19 022.
(doi:10.1073/pnas.0908686106)

47. Shivashankar GV. 2011 Mechanosignaling to the cell
nucleus and gene regulation. Annu. Rev. Biophys.
40, 361–378. (doi:10.1146/annurev-biophys-
042910-155319)

48. Thomas CH, Collier JH, Sfeir CS, Healy KE. 2002
Engineering gene expression and protein synthesis
by modulation of nuclear shape. Proc. Natl Acad.
Sci. USA 99, 1972–1977. (doi:10.1073/pnas.
032668799)

49. Damodaran K, Venkatachalapathy S, Alisafaei F,
Radhakrishnana AV, Jokhun DS, Shenoy VB,
Shivashankar GV. 2018 Compressive force induces
reversible chromatin condensation and cell geometry-
dependent transcriptional response. Mol. Biol. Cell 29,
3039–3051. (doi:10.1091/mbc.E18-04-0256)

50. Elosegui-Artola A et al. 2017 Force triggers YAP
nuclear entry by regulating transport across nuclear
pores. Cell 171, 1397–1410. (doi:10.1016/j.cell.
2017.10.008)

51. Xia Y et al. 2018 Nuclear rupture at sites of high
curvature compromises retention of DNA repair
factors. J. Cell Biol. 217, 3796–3808. (doi:10.1083/
jcb.201711161)

52. Xu J et al. 2011 Effects of micropatterned curvature
on the motility and mechanical properties of airway
smooth muscle cells. Biochem. Biophys. Res.
Commun. 415, 591–596. (doi:10.1016/j.bbrc.2011.
10.111)

53. Xi W, Sonam S, Beng Saw T, Ladoux B, Lim CT. 2017
Emergent patterns of collective cell migration under
tubular confinement. Nat. Commun. 8, 1–15.
(doi:10.1038/s41467-017-01390-x)

54. Werner M, Kurniawan NA, Korus G, Bouten CVC,
Petersen A. 2018 Mesoscale substrate curvature
overrules nanoscale contact guidance to direct bone
marrow stromal cell migration. J. R. Soc. Interface
15, 20180162. (doi:10.1098/rsif.2018.0162)

55. Bade ND, Kamien RD, Assoian RK, Stebe KJ. 2018
Edges impose planar alignment in nematic
monolayers by directing cell elongation and
enhancing migration. Soft Matter 14, 6867–6874.
(doi:10.1039/C8SM00612A)

56. Szczesny SE, Driscoll TP, Tseng HY, Liu PC, Heo SJ,
Mauck RL, Chao PHG. 2017 Crimped nanofibrous
biomaterials mimic microstructure and mechanics of
native tissue and alter strain transfer to cells. ACS
Biomater. Sci. Eng. 3, 2869–2876. (doi:10.1021/
acsbiomaterials.6b00646)

57. Zhu R, Liu C, Gundersen GG. 2018 Nuclear
positioning in migrating fibroblasts. Semin. Cell Dev.
Biol. 82, 41–50. (doi:10.1016/j.semcdb.2017.11.
006)

58. Kim D-H, Cho S, Wirtz D. 2014 Tight coupling
between nucleus and cell migration through the
perinuclear actin cap. J. Cell Sci. 127, 2528–2541.
(doi:10.1242/jcs.144345)

59. Kutscheidt S, Zhu R, Antoku S, Luxton GWG,
Stagljar I, Fackler OT, Gundersen GG. 2014 FHOD1
interaction with nesprin-2G mediates TAN line
formation and nuclear movement. Nat. Cell Biol. 16,
708–715. (doi:10.1038/ncb2981)

http://dx.doi.org/10.1038/srep00555
http://dx.doi.org/10.1038/srep00555
http://dx.doi.org/10.1002/cm.20126
http://dx.doi.org/10.1002/cm.20126
http://dx.doi.org/10.1002/cm.20305
http://dx.doi.org/10.1038/s41567-018-0383-6
http://dx.doi.org/10.1038/s41567-018-0383-6
http://dx.doi.org/10.1073/pnas.0609267103
http://dx.doi.org/10.1073/pnas.0609267103
http://dx.doi.org/10.1088/1758-5082/6/3/035008
http://dx.doi.org/10.1088/1758-5082/6/3/035008
http://dx.doi.org/10.1002/jez.1401000305
http://dx.doi.org/10.1016/0014-4827(81)90244-5
http://dx.doi.org/10.1016/0014-4827(81)90244-5
http://dx.doi.org/10.1006/excr.1996.0354
http://dx.doi.org/10.1006/excr.1996.0354
http://dx.doi.org/10.1126/sciadv.1700150
http://dx.doi.org/10.1016/j.bpj.2018.02.027
http://dx.doi.org/10.1016/j.bpj.2018.02.027
http://dx.doi.org/10.1039/c5ib00240k
http://dx.doi.org/10.1039/c5ib00240k
http://dx.doi.org/10.1016/j.jmbbm.2018.08.014
http://dx.doi.org/10.1038/s41467-018-06494-6
http://dx.doi.org/10.1038/s41467-018-06494-6
http://dx.doi.org/10.1016/j.bpj.2018.01.039
http://dx.doi.org/10.1088/1478-3975/6/4/046010
http://dx.doi.org/10.1088/1478-3975/6/4/046010
http://dx.doi.org/10.1016/j.tcb.2011.10.001
http://dx.doi.org/10.1038/s42005-019-0185-x
http://dx.doi.org/10.1146/annurev-bioeng-070909-105351
http://dx.doi.org/10.1146/annurev-bioeng-070909-105351
http://dx.doi.org/10.1242/jcs.00383
http://dx.doi.org/10.1088/1478-3975/aa6f8e
http://dx.doi.org/10.1088/1478-3975/aa6f8e
http://dx.doi.org/10.1371/journal.pone.0073960
http://dx.doi.org/10.1371/journal.pone.0073960
http://dx.doi.org/10.1016/j.biomaterials.2013.10.008
http://dx.doi.org/10.1016/j.biomaterials.2013.10.008
http://dx.doi.org/10.1016/j.biomaterials.2013.05.061
http://dx.doi.org/10.1016/j.biomaterials.2013.05.061
http://dx.doi.org/10.1038/srep07362
http://dx.doi.org/10.1038/srep07362
http://dx.doi.org/10.1073/pnas.0908686106
http://dx.doi.org/10.1146/annurev-biophys-042910-155319
http://dx.doi.org/10.1146/annurev-biophys-042910-155319
http://dx.doi.org/10.1073/pnas.032668799
http://dx.doi.org/10.1073/pnas.032668799
http://dx.doi.org/10.1091/mbc.E18-04-0256
http://dx.doi.org/10.1016/j.cell.2017.10.008
http://dx.doi.org/10.1016/j.cell.2017.10.008
http://dx.doi.org/10.1083/jcb.201711161
http://dx.doi.org/10.1083/jcb.201711161
http://dx.doi.org/10.1016/j.bbrc.2011.10.111
http://dx.doi.org/10.1016/j.bbrc.2011.10.111
http://dx.doi.org/10.1038/s41467-017-01390-x
http://dx.doi.org/10.1098/rsif.2018.0162
http://dx.doi.org/10.1039/C8SM00612A
http://dx.doi.org/10.1021/acsbiomaterials.6b00646
http://dx.doi.org/10.1021/acsbiomaterials.6b00646
http://dx.doi.org/10.1016/j.semcdb.2017.11.006
http://dx.doi.org/10.1016/j.semcdb.2017.11.006
http://dx.doi.org/10.1242/jcs.144345
http://dx.doi.org/10.1038/ncb2981


royalsocietypublish

8
60. Chang W, Worman HJ, Gundersen GG. 2015
Accessorizing and anchoring the LINC complex for
multifunctionality. J. Cell Biol. 208, 11–22. (doi:10.
1083/jcb.201409047)

61. Chang W, Antoku S, Östlund C, Worman HJ,
Gundersen GG. 2015 Linker of nucleoskeleton and
cytoskeleton (LINC) complex-mediated actin-
dependent nuclear positioning orients centrosomes
in migrating myoblasts. Nucleus 6, 77–88. (doi:10.
1080/19491034.2015.1004947)

62. Cavallaro M, Botto L, Lewandowski EP,
Wang M, Stebe KJ. 2011 From the Cover:
Curvature-driven capillary migration and
assembly of rod-like particles. Proc. Natl Acad. Sci.
USA 108, 20 923–20 928. (doi:10.1073/pnas.
1116344108)

63. Santangelo CD, Vitelli V, Kamien RD,
Nelson DR. 2007 Geometric theory of
columnar phases on curved substrates.
Phys. Rev. Lett. 99, 1–4. (doi:10.1103/PhysRevLett.
99.017801)
i
ng.o
rg/journal/rsob
Open

Biol.9:190155

http://dx.doi.org/10.1083/jcb.201409047
http://dx.doi.org/10.1083/jcb.201409047
http://dx.doi.org/10.1080/19491034.2015.1004947
http://dx.doi.org/10.1080/19491034.2015.1004947
http://dx.doi.org/10.1073/pnas.1116344108
http://dx.doi.org/10.1073/pnas.1116344108
http://dx.doi.org/10.1103/PhysRevLett.99.017801
http://dx.doi.org/10.1103/PhysRevLett.99.017801

	Cellular sensing of micron-scale curvature: a frontier in understanding the microenvironment
	Introduction
	Basics of curvature
	Micron-scale curvature in physiology
	Cellular responses to micron-scale grooves, adhesive islands and curves
	Cell and stress fibre alignment on cylinders and the role of actin bending penalties
	Cell and stress fibre alignment on more complex micron-scale curved substrata
	Micron-scale curvature drives differential gene expression
	Micron-scale curvature controls cell motility and nuclear positioning
	Can the principles of soft matter physics help to inform our understanding of curvature sensing by cells?
	Data accessibility
	Competing interests
	Funding
	References


