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The ability of cells to reorganize in response to external stimuli is important
in areas ranging from morphogenesis to tissue engineering. While nematic
order is common in biological tissues, it typically only extends to small
regions of cells interacting via steric repulsion. On isotropic substrates,
elongated cells can co-align due to steric effects, forming ordered but ran-
domly oriented finite-size domains. However, we have discovered that flat
substrates with nematic order can induce global nematic alignment of
dense, spindle-like cells, thereby influencing cell organization and collective
motion and driving alignment on the scale of the entire tissue. Remarkably,
single cells are not sensitive to the substrate’s anisotropy. Rather, the emer-
gence of global nematic order is a collective phenomenon that requires both
steric effects and molecular-scale anisotropy of the substrate. To quantify
the rich set of behaviours afforded by this system, we analyse velocity,
positional and orientational correlations for several thousand cells over
days. The establishment of global order is facilitated by enhanced cell division
along the substrate’s nematic axis, and associated extensile stresses that
restructure the cells’ actomyosin networks. Our work provides a new under-
standing of the dynamics of cellular remodelling and organization among
weakly interacting cells.
1. Introduction
Active matter consists of agents that individually consume energy from the
environment to generate motion and forces, and collectively organize in emer-
gent structures on scales much larger than the individual [1,2]. In particular,
active nematics [3,4] are collections of elongated, apolar active particles that
organize in states of orientational order. Nematic order has been observed
ubiquitously in active and living systems, from reconstituted suspensions of
cytoskeletal filaments and associated motor proteins [5–7] to cell monolayers
[8–11], bacterial colonies [12] and even on the scale of entire organisms [13].

The nematic arrangement of cells in biological systems appears to serve key
biological functions, such as driving the expansion of bacterial colonies [14],
controlling cell extrusions and multi-layer formation in confluent tissue
[10,11,15], and providing an underlying organizational structure for morpho-
genetic processes [13]. This realization has motivated efforts to develop
in vitro techniques to direct cell organization, which are important both as plat-
forms for controlled fundamental studies as well as for tissue engineering.
Established methods include patterning of the topography [16], stiffness [17]
and mechanical stretching [18] of the substrate. These methods control the
orientation at the level of individual cells, such that even isolated cells can be
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sufficiently polarized to follow a preferred direction. They do
not, however, allow the study of the role of steric effects or
other collective aligning mechanisms in tuning the onset of
nematic order in the whole tissue.

Recent work [19] showed that myoblasts cultured on
liquid crystal elastomers (LCEs) developed nematic order,
but only at the collective level. Although this result hinted
at a density-driven, isotropic-nematic transition in cell mono-
layers, the mechanisms through which the substrate structure
and cell proliferation jointly drive alignment remain largely
unclear. This is in part because of a lack of quantitative,
time-resolved analysis of dynamical trajectories for a statisti-
cally meaningful number of cells that would inform such
mechanistic insights.

In this work, we study the organization of weakly inter-
acting spindle-shaped human dermal fibroblasts (hdFs)
on LCE substrates that are topographically flat, but nemati-
cally ordered at the molecular scale. Our work reveals that
molecular-level guidance from the nematic substrate does
not affect the orientation of isolated cells, but has profound
consequences on the collective organization of the tissue
monolayer above a critical cell density, including: (i) the pre-
ference of cells to divide along the direction of substrate
alignment, (ii) the establishment of orientational order
at the tissue (millimetre) scale, and (iii) the role of the
anisotropic dynamics of topological defects in enhancing
nematic order.

In contrast, when the substrate is isotropic, steric effects
alone establish locally aligned but randomly oriented
domains, and the orientational order averages to zero on
the scale of the entire tissue, in agreement with earlier
works [9,11,20–22].

We show that the establishment of global nematic order
occurs in a three-step process with increasing density as the
system transitions from (i) a disordered state where individ-
ual cell trajectories are unaffected by substrate alignment, to
(ii) an intermediate state where tortuous bands of aligned
cells coexist with disordered regions, while the system
remains isotropic at the global scale, and finally (iii) an
ordered nematic state where the tissue exhibits orientational
order on millimetre scales. This behaviour is reminiscent of
that of ‘dry’ active nematics [23], where ‘dry’ refers to the
situation where the dominant dissipation mechanism is fric-
tional coupling to a substrate, while viscous dissipation
from cell–cell interaction and hydrodynamic couplings
mediated by the surrounding medium are negligible [2].

On nematic substrates, we identify a strong correlation
between the axis of cell division and the direction of substrate
alignment, which suggests that directed cell division may
play a role in the establishment of order on the tissue scale.
We further demonstrate that even on a nematic substrate
the emergence of large-scale orientational order can be frus-
trated by seeding cells at higher densities. By tracking the
movement of defects, which are regions of frustrated order
in the monolayer, we find that the direction of motion of
þ 1

2 defects suggests that extensile stresses generated by cell
division along the substrate alignment direction enhance
nematic order.

Here, we generate large experimental datasets and
develop statistical analyses, to quantitatively capture the dis-
order-to-order transition of a cell monolayer on a nematically
ordered LCE substrate. Our study not only sheds light on the
mechanisms driving cellular organization, but also provides
dynamical information at the single-cell level that is required
for the calibration and refinement of physical and machine
learning models by data inversion in future works.
2. Methods
2.1. Substrate fabrication
Substrates were fabricated following previous protocols [19]
using a mixture of monoacrylates (RM23), diacrylates (RM82)
and trace amounts of photo-initiator (figure 1a). The ratio of
RM82 : RM23 = 1 : 1 (mol/mol), was tuned to produce substrates
with appropriate mechanical properties and alignment capa-
bility. The polymer mixture was heated above its melting
temperature and introduced into a thin chamber consisting of
two glass slides pre-coated with a polyvinyl alcohol solution,
separated by thin spacers. In cases where uniform nematic align-
ment of the LCE film was desired, the slides were rubbed
unidirectionally with a velvet cloth to impose uniform align-
ment. Solid films (figure 1b) of uniform nematic or isotropic
molecular order were obtained by cross-linking the polymer at
a temperature either below or above the isotropic-nematic
transition point of the RM82/RM23 mixture (TNI∼ 95°C,
determined by differential scanning calorimetry, electronic
supplementary material, figure S11a; for full details, see elec-
tronic supplementary material, notes 3.1 and 3.2). Substrates
were cleaned with ethanol and used without further chemical
modifications. To make an isotropic film, an identical procedure
was followed except that the glass slides forming the chamber
were not rubbed and the UV illumination was carried out
above the TNI. Thereafter, the chamber was immersed in Milli-
Q water overnight to dissolve the PVA and release the film.
Alignment was confirmed by examining the substrates between
crossed polarizers (electronic supplementary material,
figure S11b,c). The film substrate was cleaned with isopropanol
and glued using a coverslip sealant CoverGrip (Biotium) to the
bottom of a 35mm Petri dish with no. 1.5 coverslip bottom
(MatTek Corporation).

2.2. Characterization
The degree of orientational order within the LCE substrate was
determined by two-dimensional wide-angle X-ray diffraction
(WAXD, electronic supplementary material, figure S12). The sub-
strate mechanical properties were characterized by dynamic
mechanical analysis (DMA, electronic supplementary material,
figure S13), which showed an approximately threefold increase
in elastic modulus parallel to the alignment direction relative
to the perpendicular direction, whereas the elastic modulus of
the isotropic substrate was uniform and had an intermediate
value between the two. Importantly, the film processing
method assured that the substrates were flat and smooth,
which in turn ensured that at low cell density, there were no
significant topographical cues to drive the alignment of individ-
ual cells. This was experimentally confirmed by the small
(less than 2 nm) root-mean-squared roughness measured using
atomic force microscopy, and this result was insensitive to the
direction of probing (parallel or perpendicular to the LCE align-
ment direction) (electronic supplementary material, figure S14a).
We further confirmed the flatness by mapping the surface
topography using scanning electron microscopy (electronic
supplementary material, figure S14b).

2.3. Cell culturing and seeding
hdFs (PCS-201-010) were purchased from the American Type
Culture Collection, and were cultured in cells consisting of Dul-
becco’s modified eagle medium (DMEM 1× + GlutaMAX, Gibco)
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Figure 1. Experimental approach. (a) Chemical structures of the crosslinker (RM82), monoacrylate (RM23) and a photoinitiator. The full chemical details and sub-
strate characterization data are provided in the Methods section. (b) Schematics of the cell (not to scale) placed on a substrate with nematic or isotropic molecular
structure. Cells are labelled in both the cytoplasm (CellTracker, red) and nucleus (Hoechst, blue) channels. (c,d ) A high-throughput automated microscope stage
acquires 10 s of images at every time point, which are stitched together (dotted rectangles) to allow reconstruction of 103 cell trajectories over the time span of
days. The scale bar is 500mm. The dotted rectangle represents one field of view (FOV) captured by a 20× objective. (e) A close-up image of a single cell, with
nucleus orientation θi labelled in grey, referring to the angle between the orientation of the cell nucleus and the horizontal direction or the direction of liquid crystal
alignment. The velocity vector (with x- and y-components) is shown in yellow (red and blue), and the angle β denotes the velocity orientation with respect to the
substrate. The scale bar is 100mm. The substrate alignment direction is parallel to êx unless otherwise specified.
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supplemented with 10% fetal bovine serum (FBS, Gibco) and 1%
Pen-Strep (Gibco) by volume, at 37°C and 5% CO2, and the
media were exchanged every 2 days. More details can be
found in electronic supplementary material, note 4.1. Substrates
were aligned to the imaging chamber such that the substrate
alignment direction was along êx. Cells were seeded at volu-
metric density approximately 2.5 × 104 ml−1, unless otherwise
noted. Given the Petri dish diameter of 35mm, this corresponds
to an initial cell density of ρs≈ 50 mm−2. Before imaging, the
cytoplasm and nuclei were stained with fluorescent markers
CellTracker Deep Red and Hoechst 33342, respectively, following
standard protocols (electronic supplementary material, note 4.2).

2.4. Imaging and tracking
A high-throughput imaging workflow was developed to enable
quantitative analysis of cellular dynamics over large length and
time scales. Using a precision motorized stage and automated
image collection routines, we acquired scans of tens of fields-
of-view (figure 1c), which were stitched together in post-proces-
sing to obtain a composite image such as figure 1d. At every time
point, the stitched image takes less than 2min to scan. Then,
nucleus position and orientation, which were used to indicate
cell position and orientation, were determined for each image
frame using a custom analysis scheme that enabled thresholding
on a per image basis to account for bleaching and spatial vari-
ations (electronic supplementary material, figure S1), and by
fitting an ellipse to the detected nucleus region. We represent
the nucleus orientation of cell i by the angle θi with respect to
êx, which for the nematic LCE substrates represents the direction
of nematic alignment (figure 1e). The positions of the nuclei at
subsequent times were then linked to form trajectories (electronic
supplementary material, figure S4). We then determined the cell
velocity by computing the cell displacement and dividing it by
the time interval. Each experiment records the trajectories of a
few thousand cells, including cell position, orientation, major
and minor axes, velocity, and ID number for each cell at over
100 time points, which can be post-processed and analysed in
minutes. This method allows for precise and robust quantifi-
cation of cell orientation, density, and motility over long times
and large fields of view.
3. Results
3.1. Nematic order within the liquid crystal elastomer

directs cell alignment
To investigate the emergence of nematic order in a model cell
monolayer, we cultured hdF cells on LCE substrates with
either nematic or isotropic molecular structures (figure 1),
both having identical chemical compositions. The reasons
for choosing hdFs are twofold. First, skin tissue alignment
is known to possess inherent order [24]. Second, the adherent,
motile cells have a highly elongated body shape, with aspect
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ratios of approximately 4−6, and nuclei that are also anisotro-
pic, with an aspect ratio that varies from 1.5 to 2.5. The high
aspect ratio eliminates ambiguity when trying to determine
the orientation of individual cells based on fitting the
nuclei. Nucleus orientation is highly correlated with cell
body orientation (figure 1e), having a correlation coefficient
of 0.81 (electronic supplementary material, figure S3). Fluor-
escence signals from the nuclei are well-separated and
easier to track than the cytoplasmic ones, particularly at
high cell density, and are therefore used to indicate the
local orientation of the cell. The cell orientation is then
defined by the angle θi between the long axis of the nucleus
of cell i and a fixed direction êx. For nematic substrates, êx
coincides with the direction of LCE alignment, whereas for
isotropic substrates êx represents an arbitrary direction.
Finally, cells typically follow the boundary [25,26], which
we have observed in our system as well (electronic sup-
plementary material, figure S2). To minimize the effect of
the boundary, we take care to only image cells 10 s of cell
widths from the boundary.

We observed a markedly different organization of cells on
isotropic and nematic LCE substrates, indicating that hdF
cells are sensitive to the molecular alignment of the polymer
film at the nanoscale, and that they use this molecular infor-
mation to control their orientation within the cell monolayer.
Use of a nematic substrate does not result in a preferred
orientation of individual cells (electronic supplementary
material, figure S15). Snapshots of cell orientation on isotro-
pic (figure 2a) and nematic (figure 2b,c) substrates illustrate
the role of both substrate alignment and cell density in con-
trolling cell ordering. The angles θis are colour-coded in the
images. The corresponding angular distributions are shown
as polar histograms in figure 2d–f. At high enough density,
cells cultured on an isotropic substrate form locally aligned
domains (figure 2a), with a nearly uniform distribution of
θi across the entire monolayer (figure 2d ). By contrast, cells
cultured on nematic substrates at similar density preferen-
tially align with the substrate nematic orientation êx (figure
2b), with a strongly anisotropic distribution of θi peaked at
0 or π (figure 2e). At higher cell density on isotropic sub-
strates, the angle distributions become more asymmetric
and the domain size increases (figure 2c).

To quantify the spontaneous nematic order of the cells
and nematic order induced by the substrate, we introduce
two order parameters: the cell-substrate order parameter,
Scs, generalized from the Landau–de Gennes theory of
liquid crystals [16,19,27] and the cell–cell order parameter,
Scc. These are given by

Scs ¼ h2 cos2 ui � 1i ð3:1Þ

and

Scc ¼ h2 cos2 uij � 1i, ð3:2Þ
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where θij= θi− θj is the angle between the orientation of cell i
and cell j. The brackets denote an average over the entire
system. A value of Scs = 0 indicates no preferential alignment
of the cells with respect to êx, whereas a value of Scs = 1 indi-
cates perfect alignment. Similarly, a substantially larger than
zero value of Scc denotes nematic alignment due to cell–cell
interactions along a direction of spontaneously broken sym-
metry. Large systems are needed to distinguish between
local and global alignment. To accurately determine Scs and
Scc, a system size much bigger than the typical domain size
(100�150mm), is needed (electronic supplementary material,
figure S9). This highlights the need for the large-scale imaging
used in the present experiments. When using the full compo-
site image size of 2 × 4 mm, we found Scs = 0, 0.4 and
0.68 for the images shown figure 2a–c, respectively, in agree-
ment with our qualitative observations of orientational order.
3.2. The isotropic-nematic transition of the cell
monolayer is density-dependent

Tomimic the course of cell proliferation, we seeded hdF cells at
ρs≈ 50 mm−2, maintained them at optimal culturing conditions
(electronic supplementary material, note 4.1), then stained and
imaged cells after waiting different numbers of days after seed-
ing to achieve different densities. In practice, each experiment
lasted about 40 h. Significantly longer experiments were inac-
cessible owing to the adverse effect of fluorescent imaging,
causing cells to divide much more slowly. Moreover, bleaching
complicates tracking at long times, sincewe usually expose cells
to a diluted solution of Hoechst (0.5 μg ml−1) during incu-
bation, to minimize the toxicity. Figure 3a shows the
evolution of the cell-substrate order parameter Scs with cell
density, with each density value represented by a different
colour. Over the acquisition time, cell proliferation also leads
to an increase in cell density. Our system exhibits a range of
collective behaviours, with three key stages described below:
(i) At low cell density (r & 100mm�2) cells rarely interact
with each other (figure 3b) and the monolayer is orienta-
tionally disordered. On both nematic and isotropic
substrates individual cells move back and forth in
place along their long axis with no preferential orien-
tation relative to the direction of substrate alignment,
travelling less than their body length before changing
direction (electronic supplementary material, figure S8,
movie S1). With increasing cell density, cells begin to
co-localize and one observes the emergence of locally
aligned cell clusters, although again there is no corre-
lation between the orientation of the clusters and the
alignment of nematic substrates. The spatial fluctuations
in cell number ΔN for given system size 〈N〉 are greater
than those in an equilibrium system (electronic sup-
plementary material, figure S10), consistent with so-
called giant number fluctuations [28], indicating that
cell activity contributes to local clustering. These clusters
nucleate local orientational order and eventually grow
into aligned domains.

(ii) At intermediate densities (ρ≈ 200−300 mm−2), the
monolayer exhibits locally aligned domains, but no
global order (figure 3a, green data; electronic sup-
plementary material, movie S2). Cell–cell interactions
cause individual cells to co-align, which has previously
been attributed to steric effects [29] and contact-
induced inhibition of locomotion [30]. Upon further
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investigation, we have observed that cells exhibit a simi-
lar back-and-forth movement along trails on both
nematic and isotropic substrates. However, while cell
velocities are oriented along lanes, we did not detect
any correlations between the direction of the velocity
of a cell and its adjacent leading or trailing cell (elec-
tronic supplementary material, figure S7a). This is
attributed to the nematic rather than polar nature of
the cell movement, which results in velocity correlations
that average to zero. In other words, the pattern of
movement results in the emergence of thin bidirectional
highways composed of moving cells, which are typically
1–2 cells wide and do not intersect. These highways
spontaneously organize into swirling patterns (figure
3c). Notably, we have found that the alignment of the
substrate influences the orientation of these ‘highways’,
thereby contributing to their directional control.

(iii) At even higher densities (ρ≈ 300−500 mm−2), the
collective cell behaviour is strongly affected by the
properties of the substrate. On isotropic substrates,
we observe nematically ordered domains of about
10–15 cells, but there is no global nematic order at
the tissue scale. This is evident from measurements
of the cell–cell order parameter Scc shown in electronic
supplementary material, figure S5b,c, as well as from
the correlation function of cell orientation shown in
figure 4a. The cell-substrate order parameter Scs
remains zero at all densities as the system has no pre-
ferred orientation (figure 3a). The onset of order is
estimated to occur at density ρc = 320 mm−1, the den-
sity at which Ssc significantly departs from baseline
value at lower cell densities. We note that this value
is an estimate that may shift depending on the areal
spread of the cells, but it serves as a useful threshold
in distinguishing types of cellular behaviour.

The transition to nematic order through the three-step process
described above is reminiscent of that observed in simulations
of so-called ‘dry’ active nematics [23]. These are collections of
self-propelled rod-like active units that align with nematic
interactions, i.e. align with each other along the orientation
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of their long axis, regardless of the direction of motion. The
word ’dry’ refers to the fact that the dynamics are overdamped
and interactions of the active agent with a surrounding fluid
are simply replaced by frictional damping. Dry active nematic
system has been studied extensively via large-scale simulations
[31,32]. An important distinction, however, is that while in
numerical models nematic order appears spontaneously, here
order is externally biased by the direction of substrate align-
ment, which is essential for the establishment of global
order. In this system, the onset of nematic order occurs
through a phase separation scenario, with a region of coexist-
ing disordered regions and ordered lanes intervening between
the disordered and ordered phases.
J.R.Soc.Interface
20:20230160
3.3. Cell crowding leads to larger aligned domains, but
large-scale order only develops for nematic
substrates

The degree of local versus large-scale ordering is further elu-
cidated by examining the spatial cell–cell pair orientational
correlation function, defined as

CuuðrÞ ¼ h2 cos2 uijðrÞ � 1i, ð3:3Þ
where r is the centre-to-centre distance between cell i and j (i≠
j). In practice, we average all pairs with separations within [r,
r + dr] (dr ¼ 10mm). The behaviour of Cθθ(r) at large r depends
qualitatively on whether or not the substrate is aligned.

On isotropic substrates, Cθθ decays exponentially to 0 at
all densities (figure 4a), demonstrating that in this case cells
only have short-range orientational order [21,33]. A fit to an
exponential

CuuðrÞ ¼ Ae exp � r
juu

� �
ð3:4Þ

allows us to extract the orientational correlation length ξθθ
that represents the average size of an aligned domain
(figure 4b).

On nematic substrates, by contrast, Cθθ plateaus to a non-
zero value at large r for ρ > ρc, suggesting long-range order on
the scale of the system (figure 4c). Note that in the absence of
the external symmetry-breaking field provided by the aligned
substrate, active nematics in two dimensions are expected to
show at most quasi-long-range order [34]. Here, the substrate
acts like an external field and drives the system to a state of
global order. Figure 4e shows the value of Cθθ at the largest
scale probed in the experiments, averaged over the last 15
values, revealing a clear increase with density.

At intermediate length scales the slow decay of Cθθ is well
described by a power-law fit, as expected for quasi-ordered
phases in two dimensions [35,36]

CuuðrÞ ¼ Apr�g, ð3:5Þ
where Ap is a normalizing constant to ensure Cθθ(r)≤ 1 for
nearest cell pairs, typically located at rmin � 20mm from
each other, and γ is the power-law exponent. We found that
γ decreased with increasing ρ, reaching a value of 0.1 at the
highest density, consistent with the development of long-
range order. In this case, we define the correlation length as
the distance where Cθθ(r) decays to 1/e of its value at r = rmin,

Cuuðr ¼ juuÞ ¼
CuuðrminÞ

e
: ð3:6Þ
The detailed fitting procedure and parameter estimates are
shown in electronic supplementary material, figure S6.

The fitting reveals that Cθθ(rmin) is of order 1 and relatively
insensitive to ρ (electronic supplementary material, figure S6).
This suggests that cells are well-aligned with their nearest
neighbours, and their interaction is driving short-range order.
For ρ < ρc, ξθθ is approximately 100�200mm on both substrates
(figure 4b). For ρ > ρc, ξθθ increases dramatically when nematic
substrates are used, while it remains constant on isotropic sub-
strates. Together, these results quantitatively support the
conclusion that cells form small aligned domains due to steric
repulsion and organize into a state of long-range nematic
order when cultured on nematic substrates.

3.4. Nematic order is driven by both steric interactions
and substrate alignment

Nematic order has been studied extensively in confluent mono-
layers of epithelial cells in previous works [10,21], where
the anisotropy of individual cells is very small and nematic
order is believed to arise not from steric effects, but from the
anisotropy of forces transmitted through strong cell–cell inter-
actions [37–39]. In our system, by contrast, cells are highly
anisotropic even when isolated and weakly interacting, and
alignment is driven by crowding and steric repulsion.

Further evidence that nematic order is driven by steric
effects as opposed to correlations in cell velocity, as observed
in epithelia, is provided by the computation of spatial vel-
ocity correlation functions (see electronic supplementary
material, note 2.3), which are found to decay to zero within
1–2 cell widths at all densities on both isotropic and nematic
substrates (electronic supplementary material, figure S7a).
The distribution of the angle between velocities of cell pairs
is, however, distinctly different. The distribution is isotropic
on isotropic substrates, supporting the randomness of cell
motion; and bimodal on nematic substrates, with peaks at
pair angles of 0 and π, confirming the observation of cells’
antiparallel motion along aligned lanes (electronic sup-
plementary material, figure S7c,d). We also observe a strong
anisotropy of cell speed on nematic substrates, with cells typi-
cally moving almost twice as fast in the direction of nematic
alignment than in the transverse direction (electronic sup-
plementary material, figure S7f,g).

The key role of steric repulsion in driving alignment
is also demonstrated by the fact that the experimentally
obtained transition cell number density ρc, corresponding
to a packing fraction of ϕ ≈ 0.5−0.6, agrees favoura-
bly with the transition density for a system of ellipses
of aspect ratio 6 (similar to the aspect ratio of hdF
cells) [40,41].

Finally, to test that alignment can be attributed to cell–
substrate interaction, we added a small amount (1 μM) of
focal adhesion kinase inhibitor (FAKi) to the growth
media right before imaging cells on a nematic substrate
(electronic supplementary material, figure S19). We found
that as a result of this perturbation cell trajectories became
more tortuous, the cell density ceased to grow (electronic
supplementary material, figure S19b) and Scs only increased
slowly (electronic supplementary material, figure S19c),
similar to what was obtained on an isotropic substrate.
These observations confirm that molecular-level cell-sub-
strate interactions indeed play a significant role in
controlling cell alignment.
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3.5. Alignment is induced by dynamic reordering
and crowding

To further examine these effects, we mapped velocities (dis-
placements) between a pair of frames close to the jamming
densities, as shown in figure 5, where each cell displacement
is represented by a vector (arrow) whose length represents its
magnitude, and that points in the direction of instantaneous
cell motility. The arrows are colour-coded by binning
along the four cardinal directions. The polar histograms in
figure 5b,d further demonstrate that while the velocity direc-
tion is nearly evenly distributed over all angles for cells
moving on isotropic substrates (figure 5b), cells moving
on substrates with nematic order preferentially orient along
the substrate alignment direction, here given by +êx
(figure 5d ). Taken together, these observations demonstrate
that both steric effects and substrate alignment, which
steers cells to move back and forth along bidirectional
‘highways’ (electronic supplementary material, figure S5),
are responsible for global nematic order.

Similar behaviour has been observed in surface-dwelling
bacteria Myxococcus xanthus [12], and attributed in part to the
slime trail they secrete as they glide across a surface. Fibro-
blasts are also known to deposit extracellular matrix (ECM)
proteins [42]. In the current experiments, we confirmed the
release of fibronectin by cells using anti-fibronectin staining
(electronic supplementary material, figure S17). We observed
that regions with few or no cells also had little fluorescent
intensity from the staining, which lends support to the idea
that cells might sense and follow gradients of surface-
attached fibronectin, (i.e. via haptotaxis) [43]. Furthermore,
we present an analysis of fibronectin deposition patterns
using the directionality analysis tool in ImageJ (electronic
supplementary material, figure S18). It appears that the direc-
tional distribution of fibronectin deposition is peaked along
the substrate alignment direction in the case of the nematic
substrate, even though some fluctuation for the isotropic sub-
strate is also observed. Cells interact with the extracellular
matrix and reinforce their tracks. The reinforcement may con-
tribute to the amplification of the subtle substrate guidance
over time.

On nematic substrates, these ‘highways’ tend to stretch in
the direction of substrate nematic order with increasing
cell density, and begin to resemble ordered lanes of
aligned cells that travel in both directions along the
long axis of the lane (electronic supplementary material,
movie S3), as observed in simulations of dry active nematics
[44]. By contrast, on isotropic substrates, these swirling
patterns persist over time until the cells eventually jam.
Nonetheless, the origin of extensible stress within the cell
monolayer on nematic substrates remains largely unclear.

One hint to the potential mechanism is that, on isotropic
substrates, or when cells are incubated with FAKi, their pro-
liferation becomes arrested and the cell density saturates to a
lower value than on nematic substrates. On nematic sub-
strates, by contrast, systematic reordering allows packing in
more cells: first single-cell files merge to form multi-cell
lanes, which align with the direction of substrate nematic
order. The enhancement of packing is noted by an increase
in aspect ratio with alignment Ssc, as shown in electronic sup-
plementary material, figure S5a. Lanes of aligned cells
moving in both directions coexist with disordered regions,
suggesting a phase separation scenario as observed in simu-
lations of dry active nematics [23]. Upon further increase of
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the density, both Scc and Scs increase rapidly, tracking each
other (see electronic supplementary material, figure S5b,c),
and the system transitions to a state of global nematic order
on the scale of the entire substrate. This is also evident
from the spatial correlation functions of cellular orientation
shown in figure 4a.

3.6. Oriented cell proliferation promotes cell-substrate
alignment

Cell proliferation appears to play an important role in enhan-
cing cell alignment. To quantify this, we tracked cell division
events at different ρ (figure 6) and calculated the cell
division axis order parameter Scd ¼ h2 cos2 udivi � 1i, where
udivi denotes the orientation of the line joining the nuclei of
a dividing mother–daughter cell pair at the first time point
after division relative to êx (figure 6a). For ρ < ρc, Scd≈ 0 on
both isotropic (figure 6e) and nematic (figure 6a) substrates.

On nematic substrates at ρ≈ ρc, Scd≈ 0.52 (figure 6c).
These results indicate that on nematic substrates cells divide
more readily along the substrate orientation direction.
Similarly oriented cells tend to co-localize into larger aligned
domains, widening the lanes and straightening them in
the alignment direction (figure 3e). Cell proliferation may
contribute to increased cell-substrate alignment Scs by (i)
adding more aligned cells, but also indirectly by (ii) creating
more space than what would have been allowed in a dis-
ordered cell monolayer, which could in turn suppress
contact inhibition, and potentially also by (iii) setting up
extensile dipolar stresses that serve to align nearby cells
[45]. Anisotropic proliferation patterns appear to result from
weak cell sensing of the substrate’s molecular anisotropy. In
fact, cell alignment and proliferation appear to reinforce
each other until jamming (figure 3f ) occurs, as also seen in
growing bacteria colonies [46,47].

To directly test the hypothesis that cell alignment is driven
by cell proliferation, we seeded cells at different initial
densities ρs and fixed them after one week for analysis. For
ρs≈ 50, 100 and 200 mm−2, similar values of Scs≈ 0.68, 0.55
and 0.6 were obtained upon jamming. By contrast, seeding
cells at densities larger than ρc only leads to partial alignment.
For instance, when seeding cells at ρs≈ 250, 300, 350 mm−2, the
monolayers achieved Scs≈ 0.25, 0.45 and 0.13. The degree of
the final order is probably correlated with the configuration
of the cells when first attached. The dependence of cell
density and motility on initial seeding cell density has been
noted previously in other experiments, e.g. scratch assays
[48]. We hypothesize that for sufficiently high seeding
densities the orientational order can become frustrated because
cells cannot efficiently rearrange; as cells become contact
inhibited, they cannot divide preferentially along the align-
ment direction (figure 6) to promote further alignment.
Our system appears to serve as a rudimentary model
where proliferation and organization must proceed in
methodical sequences, or else misordering occurs, which
may have relevance to investigations of pattern formation or
morphogenesis, for example during embryonic development.

These phenomena on nematic substrates stand in stark
contrast to those of cells on isotropic substrates, where
Scs≈ 0 for all densities. In this case, cells fail to create long-
range order even at high densities and instead become con-
tact inhibited near ρc, which leads to the arrest of both
proliferation and motion. Experimentally, we measured the
cell density at jamming to be approximately 300−450 mm−2

for isotropic substrates, as compared with approximately
600 mm−2 for cells on nematic substrates. Persistent cell
motion contributes to local alignment as it effectively
enhances the aspect ratio of the cells (electronic supplemen-
tary material, figure S5a), and contributes to more efficient
packing in the aligned case. While it is possible to seed
cells onto an isotropic substrate at higher densities, at ρs≈
300−400 mm−2, we found that in the 42 h of imaging, cell
growth remained limited (cyan data in figure 3a), compared
with the case of a nematic substrate during the same
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amount of time (purple data in figure 3a), despite the cells
remaining attached and motile.

3.7. Defect movement hints at the nature of
intercellular forces

Topological defects are regions in a system where the order is
frustrated, and they are characterized by a topological ‘charge’
or winding number that measures the angle by which the
order parameter rotates as one encircles the defect. In this
manner, a set of radiating lines outwards from the centre point
undergoes a +2π rotation over +2π, producing a defect with a
winding number of +1. In passive systems, they arise when
the system transitions from a disordered state to an ordered
state, or when order is hindered by curvature, external fields,
or boundary conditions [49,50]. In active systems, they can spon-
taneously appear in pairs of opposite ‘charges’. For biological
systems that exhibit nematic order, such as cell monolayers or
even entire organisms, defects appear to serve important func-
tions, such as regulating cell extrusion and death [10], and act
as precursors for morphological features [13]. Their movements
in cell monolayers provide information on stress generation
and transmission [10,11]. Defects are point-like objects in two
dimensions. In nematic liquid crystals, the lowest energy defects
havewinding numbers of+ 1

2. These defects have a trefoil struc-
ture (figure 7a) for ‘charge’ � 1

2, or a comet structure (figure 7b)
for ‘charge’ þ 1

2. In equilibrium, pairs of opposite-sign defects
attract each other through a Coulomb-like interaction that
accounts for the elastic deformation energy of the liquid crystal,
and eventually annihilate.

In our system, on both isotropic and nematic substrates,
we observed + 1

2 topological defects, as seen in [8,11]. On
nematic substrates, opposite-sign defects tend to annihilate
due to cell motility and tissue remodelling, whereas defects
become trapped on isotropic substrates as the system jams,
resulting in an arrested glassy state [51].

In active monolayers, the � 1
2 defect is generally stationary,

while the þ 1
2 is motile [39,52]. The direction of migration of

þ 1
2 defects is controlled by the nature of dipolar active forces

in the monolayer: contractile active stresses drive the comet-
like defect to move towards its tail, while extensile stresses
drive it tomove in the direction of the head of the comet [52,53].

To examine the possible presence and behaviour of such
defects, we examined high-magnification images of cells at ρ >
ρc and manually identified and tracked þ 1

2 defects within the
hdF monolayer, where the orientation of nematic order is deter-
mined by the orientation of the cell nucleus. We found that on
isotropic substrates (figure 7; electronic supplementarymaterial,
movie S4)þ 1

2 defectsmigrated towards their tail, consistentwith
contractile forces and as previously reported for NIH3T3 fibro-
blasts [20]. By contrast, on nematic substrates, the direction of
defect motion depended on the defects’ orientation with respect
to the axis of substrate alignment êx. Defects oriented perpen-
dicular to êx retracted in time, and tended to rotate to align
their axis with êx, suggesting that their motion is again con-
trolled by local contractile forces (figure 7d; electronic



royalsocietypublishing.org/journa

11

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

07
 Ju

ly
 2

02
3 
supplementary material, movie S5). On the other hand, defects
oriented parallel to êx moved in the direction of the head
of the comet, indicating that their motion was driven by
the extensile stresses arising from oriented cell division
(figure7e; electronic supplementarymaterial,movie S3). Positive
defects moving along the boundaries of aligned lanes tended to
annihilate their negative counterparts, enhancing order. These
observations further support the notion that cell division plays
an important role in driving nematic order. Overall, defects are
rare on nematic substrates, and we were only able to verify a
small number of instances of þ 1

2 defect motion.
l/rsif
J.R.Soc.Interface
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4. Discussion
We have shown that the growth and structural organization
of hdF cells is controlled by the interplay of spontaneous
alignment due to steric cell–cell interactions and the molecu-
lar structure of the substrate. By developing the ability to
collect and analyse the dynamics of thousands of cells at
high space and time resolution, we established the dynamics
of how the cell layer evolves as a function of time as cells
proliferate and organize in a nematic state. On isotropic sub-
strates, cells align with increasing cell density due to
crowding, forming locally oriented domains. The system
remains, however, disordered at the global scale, with expo-
nential decay of orientational correlation functions. By
contrast, molecular alignment of the LCE substrate provides
a preferred alignment direction that allows the monolayer
to achieve global nematic order at the tissue scale.

By computing the correlations between cell number, pos-
ition, velocity and orientation, we identified a sequence of
regimes of increasingly rich structure: first the formation
of locally oriented domains due to steric effects, then the
emergence of bidirectional lanes where cells travel unob-
structed, and finally global orientational order of the entire
millimetre-scale tissue.

Our experimental approach is distinct from other
approaches to direct cell monolayer ordering that use surface
undulations to drive cellular alignment [16,27,54], where such
undulations provide strong guidance. Although the molecular
mechanisms bywhich cells sense the substrate molecular align-
ment remain elusive, we find evidence that cell division occurs
preferentially along the direction of substrate alignment and
that cell proliferation is enhanced on ordered substrates. It is
then tempting to speculate that directed division provides
extensile active stresses and an effective anisotropic noise that
anneals the monolayers, allowing defects that are essentially
jammed on disordered substrates to move and annihilate,
resulting in the global order. Although individual cells do
not respond strongly to the weak alignment cues imposed
by the substrate (figure 3b), once multi-cellular lanes form
(figure 3e), their response to the alignment is enhanced.

This enhancement may be influenced by anisotropic
tracks of extracellular matrix proteins deposited by other
cells, possibly reinforced over time [22], not unlike what is
observed in myxobacteria [12]. Microscopically, cells are
enclosed with biological membranes composed of lipid
bilayers with embedded membrane-bound receptor proteins.
It is well recognized that specific binding events occurring at
the interface can drive the reorganization of lipids [55], and
that liquid crystals can serve to orient biological molecules
with liquid crystalline phases such as lipids [56] and DNA
[57]. Therefore, it is conceivable that cells can perceive the
order within the substrate through these specific binding
events and polarize along the substrate direction without
the need for mechanical coupling to substrate deformations.

Earlier works [58,59] have suggested that cells organize and
migrate collectively along the direction of maximum principal
stress as a result of a mechanical feedback between active cyto-
skeletal contractility and cell polarization. This could provide a
mechanism through which the stiffness anisotropy in the
aligned substrate stiffness may be enhanced to direct cell align-
ment at the collective level, but more work will be needed to
quantify correlations between the stress field in the cell layer
and the nematic order of the substrate. Durotaxis—cell
migration guided by rigidity gradients—is well-documented
[60], but generally more effective on substrates softer than the
ones used here [61]. The anisotropy in substrate rigidity result-
ing from alignment seems too weak to bias the orientation of
individual cells, but collective alignment could occur through
a mechanism similar to the one driving collective durotaxis,
where cell groups sense and are guided byweak substrate stiff-
ness gradients that do not affect individual cells [62]. Collective
durotaxis has been observed in cells with relatively strong cell–
cell contacts, which are able to transmit forces over many cells.
For fibroblasts where cell–cell contacts are weak, the same role
may be played by steric repulsion, which is controlled by den-
sity. Morework will, however, be needed to establish the origin
of the substrate-induced alignment. The anisotropicmechanical
properties of our substrate make it challenging to use tech-
niques such as traction force microscopy or monolayer stress
microscopy to measure stress, as the analysis of these measure-
ments typically requires isotropic mechanical properties.
Furthermore, with moduli of the order of hundreds of MPa,
the substrate is too stiff for cells to be able to induce measurable
deformations as this generally requires moduli approx.
2−10 kPa. Liquid crystal hydrogels such as those shown in
[63] may have the potential to overcome these obstacles.

By tracking the movement of spontaneously generated
defects, we determined that active stresses in the monolayer
appear to be contractile for defects oriented perpendicular to
the substrate alignment direction (figure 7d), but extensile
when the defect is oriented parallel to the direction of substrate
alignment (figure 7e). Such extensive stresses are likely to arise
fromoriented cell division along the direction of substrate align-
ment. In epithelial layers, a uniaxial stretch of the substrate can
drive preferentially oriented cell division along the stretch direc-
tion, though E-cadherin seems to be critical in transducing the
stress and regulating cell-division orientation [64]. Our study
suggests that hdFs not only sense the local substrate orientation
and align their long axes to the substrate alignment direction
but also actively remodel the cell monolayer at the tissue level
[65]. This sensitivity and behaviour may play an important
role in the organization of newly deposited ECM proteins in
connective tissue, or in the development ofmulti-cellular aggre-
gates in biological contexts. Taken together, these observations
suggest new avenues for the development of guiding surfaces
to direct wound healing or tissue regeneration in biomedical
engineering applications.

The development of methods to reliably control and pro-
gramme collective cellular alignment and motility is essential
foruse in tissue engineering andmedical applications, especially
when combined with photopatterning techniques [16,66]. Our
work shows that a nematically ordered, but topologically flat
substrate can serve as an external field to drive global order.
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It additionally uncovers the evolution of spatial and temporal
correlations during the transition to the ordered state, revealing
a remarkable connection to well-studied models of dry active
nematics. Finally, it demonstrates new techniques for rapid col-
lection and analysis of large datasets of tissue-scale structure
and dynamics, which inform mechanistic insights and lay the
experimental groundwork for future theoretical anddata science
studies aimed at elucidating the molecular mechanisms of cell-
substrate interaction that drive collective alignment.
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