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Monolayers of confluent elongated cells are frequently considered active
nematics, featuring + 1 topological defects. In extensile systems, where cells
extend further along their long axis, they can accumulate at + 1 defects and
escape from —1 defects. Nevertheless, collective dynamics surrounding inte-
ger defects remain insufficiently understood. We induce diverse + 1 topolo-
gical defects (asters, spirals, and targets) within neural progenitor cell
monolayers using microfabricated patterns. Remarkably, cells migrate toward
the cores of all + 1 defects, challenging existing theories and conventional
extensile/contractile dichotomy, which predicts escape from highly bent
spirals and targets. By combining experiments and a continuum theory
derived from a cell-level model, we identify previously overlooked nonlinear
active forces driving this unexpected accumulation toward defect cores,
providing a unified framework to explain cell behavior across defect types. Our
findings establish + 1 defects as probes to uncover key nonlinear features of
active nematics, offering a methodology to characterize and classify cell
monolayers.

M Check for updates

Elongated cells forming confluent monolayers have been described
as nematic liquid crystals—passive’ or, more recently, active’>,
Similar to the passive case, active nematics exhibit half-integer
topological defects®. Recently gathered evidence shows that + 1
defects can be the location of cell accumulation or cell extrusion'¢,
Particularly, this is observed in the confluent monolayers of neural
progenitor cells (NPCs) and epithelials’. Hydrodynamic theories
based on the classical description of extensile linear active forces
qualitatively explain these findings""". However, confusion arising
from observations that isolated cells are contractile has resulted in
the development of a theory based on fluctuations in cellular
velocity",

Integer topological defects are also prevalent in nature and bio-
logically relevant, such as asters in a neural rosette, targets in plants
meristem; and asters and targets during the morphogenesis of
hydra®? (target is also called vortex in liquid crystal terminology).
Integer defects do not occur spontaneously in nematics as they tend to
split into pairs of half-integer defects. However, such defects can be
induced via external factors and thus play crucial biological functions.
Recently, in vitro studies demonstrated that + 1 defects induced by
circular confinement serve as sites of attraction and cellular differ-
entiation in C2C12 myoblasts*, +1 defects induced by target patterns
in fibroblast monolayers increase cell density at defect cores®*?°. The
former case was theoretically attributed to extensile active stress”,
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although the C2C12 monolayers had previously been considered
contractile®. They also considered nematic contribution in the active
forces but concluded that it did not introduce new effects in spirals
and asters. This indicates that the classification of active cell mono-
layers via the extensile/contractile dichotomy may be inadequate. In
the latter case, a high cell division rate at defect cores was inferred®,
instead of the large-scale motion of cells typically predicted by
hydrodynamic theories. Despite biological importance, comprehen-
sive quantitative measurements of tissue properties and large-scale
hydrodynamics in stable, well-defined defects are still lacking.

At high density, NPCs assume elongated shapes and exhibit a
stochastic back-and-forth motion without apparent contact inhibition
or strong cell-cell adhesion®, showing a nematic order. These char-
acteristics make NPCs an excellent system for developing the hier-
archical descriptions of active nematics, from anindividual cell level to
a continuum theory.

To investigate the behavior of cellular active nematics with integer
defects, we induce +1 defects in NPC monolayers via cell culturing on
patterned substrates. We consider a one-parameter family of + 1
defects, ranging from asters to targets via spirals. In all cases, cells
accumulate at the defect cores and exhibit large-scale inward flows
toward defect cores. Furthermore, we show that our findings cannot
be explained by the linear active force model with the extensile/con-
tractile dichotomy, which is used in hydrodynamic theories for the
unpatterned case, as this model predicts outward flows for strongly

bent spirals and targets. Hence, we derive a nonlinear hydrodynamic
theory using a minimal particle-/cell-level model that incorporates the
essential features of the system. This theory is summarized in this
article and detailed elsewhere?®. The experimental results reveal that
nonlinear active force terms, neglected in conventional approaches,
play a crucial part in explaining cellular flows. We estimate all the
coefficients that characterize the theory. Our general results indicate a
new classification of active nematics and reveal important forces that
were previously overlooked.

Results

NPCs accumulate at the cores of + 1 topological defects

To investigate the effect of + 1 topological defects on cell monolayers,
we cultured NPCs on microfabricated polydimethylsiloxane (PDMS)
patterns featuring various defect types delineated by 1.2-um-high ridges
(Fig. 1a, Methods). The local orientation 6, of the ridge pattern was
designed via the definition of +1defects: 6, =@ + 8o, where ¢ is the polar
angle, 0o (6o € (- 11/2, /2]) is the tilt angle relative to the radial direction
(Fig. 1b)*. Although each ridge was spaced fromiits neighbors, hereafter,
we used 6, to denote the reference angle inducing defects and 0 to
denote the experimentally measured cell orientation, both defined
throughout the space around each defect. Specific 8, values used were
as follows: 6y = 0, + m/12, + m/6, + m/4, + m/3, + 51/12, and /2. Notably,
60=0,0<6g<m/2,—-1m/2<60<0,and 8y = m/2, corresponded to asters,
counterclockwise spirals, clockwise spirals, and targets, respectively
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Fig. 1| Neural progenitor cells (NPCs) accumulate at the centers of asters,
spirals, and targets. a Schematic of microfabricated patterns on a poly-
dimethylsiloxane (PDMS) substrate. Four arrays of various spirals (6o = + n/12 and
+ 5m/12) are arranged on a PDMS sheet, featuring 16 micropatterns per defect type.
b Micropatterns designed based on the definition of + 1 topological defects. The
largest radius of patterns, Rp,,, is 500 um. The radius of the defect core without
ridges, R, is 80 um. The distance between ridges is 30-120 um. ¢ Types of +1
topological defects characterized by the tilt angle 8,. A bright-field image is shown
for a target. d Cell motion on a target pattern. e Heatmap of cell densities on spirals
shown in a at the beginning and after 25 h of recording. T = T at the onset of
confluence. f Typical phase-contrast images and typical fluorescence images at the
beginning and after 35 h of recording on a spiral with 8, = /4. Dashed lines depict
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ridges of patterns. g Time evolution of average radial density profiles on the target.
Data are averaged every 1 h across 32 targets. Inset: a typical fluorescence image
showing cell accumulation after 50 h of recording on a target. Dashed lines depict
ridges. h Average percentage of cells @, (®, =n(r < Ryi)/n(r < Rypay), Where n
represents cell number) assembling with time on asters, counterclockwise spirals,
and targets. Different colors depict various defect types. The number (N) of each
defect type is six, and all defects are designed on the single PDMS sheet. i, Radial
density profiles normalized by mean density po when pg = 0.009 /um? Inset: A log--
log plot for the region with r > 100 um. N values for aster, each type of spiral, and
target are 32, 6, and 32, respectively. Legend in h. In h and i, data are presented as
mean = standard deviation (s.d.), and s.d. values are calculated from defects in an
array. Scale bars: 100 ym.
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(Fig. 1c). The patterns had a maximal radius R, = 500 gm and included
a central, ridge-less area with a radius R,,;, of 80 um. The shallow ridges
were considered to constitute weak external fields because the cells
easily climbed and crossed over them (Fig. 1d, Supplementary Video 1).
They gently guided the cells and induced +1 defects in the confluent cell
monolayers (Fig. If).

We conducted long time-lapse recordings after confluence and
observed that cells gradually accumulated with time at the cores of
defects irrespective of 8y (Fig. 1e, f, g, Methods). The local cell density p
was measured via nuclear fluorescence intensity (Methods). Upon
azimuthally averaging the configurations, we obtained the time evo-
lution of cell density’s radial profiles across all patterns (Fig. 1g, Sup-
plementary Fig. 1a and 2a). The ratio @,, representing the number of
cells within radius R,;, around defect cores relative to total number of
cells, exhibited a continuous increase except during periods of med-
ium changes (Fig. 1h, Supplementary Fig. 1b and 2b, Supplementary
Video 2). Radius-dependent average cell densities on various defects
with same total density exhibited distinct accumulations around cores
and similar slopes in the log-log plot in regions outside cores (Fig. 1i,
Supplementary Fig. 1c). In addition, the accumulation behaviors were
more prominent on the counterclockwise patterns, potentially attri-
butable to the weak chirality of NPCs (Supplementary Fig. 2b and c)®.

Three-dimensional (3D) mounds formed at defect cores when cell
density was high, while regions outside the centers remained pre-
dominantly two-dimensional (2D). Analyzing the basal plane using

confocal microscopy (Methods, Supplementary Information: Sec-
tion 9), we found that time evolution of radial density profiles showed
higher density around the defect cores (Supplementary Fig. 14d).
However, as the center density became too high, cells migrated into
the third dimension, forming 3D mounds, which led to a relatively
stable central density on the basal plane. Meanwhile, cell division
continued outside the centers, where the lower density allowed for a
sustained increase in the 2D density. Therefore, we observed that @, in
the basal plane decreases relatively over time, but the density at the
core remained higher than the outer region all the time (Supplemen-
tary Fig. 14e).

Orientations and dynamics of NPCs in induced topological
defects

When forming a confluent monolayer, cells tended to align their
elongated shapes with their neighbors and guiding patterns
(Fig. 2a-c). The local orientation of this nematic order barely changed
throughout the recording. We obtained local nematic orientational
fields by applying structure tensor method to phase-contrast images
and locally averaged orientations over space and time (Fig. 2a-c,
Supplementary Fig. 3a, Methods). We calculated the local scalar order
parameter S to quantify the degree of the orientational order. S values
were minimal at the cores, increased with defect radius, and slightly
decreased near the edges due to weaker guidance from wider ridge
spacing (Fig. 2d, Supplementary Fig. 3d). Orientation measurements
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Fig. 2 | Cellular orientations around induced + 1 defects. a-c Spatiotemporally
averaged orientational fields on defect patterns with 6y = /12, /4, and rr/2,
respectively. Yellow lines depict local nematic orientations, with their lengths
corresponding to local coherency. Background: phase-contrast images, from which
cell bodies can be observed. Insets: white lines show shallow ridges of patterns.

d Radial profiles of the order parameter S on asters, counterclockwise spirals, and
targets. e Radial profiles of the angles A@ between the experimentally measured cell
orientations and orientations preset by the PDMS patterns on asters, counter-
clockwise spirals, and targets. Preset orientation refers to a cellular alignment in

which cells form perfect topological defects. Inset shows the definition of AG: A6 >0
when the measured orientation (measured n=(cos 6, sin 8)) rotates counter-
clockwise against the preset orientation (preset n=(cos 8,,, sin 6,,)), and A < O for
clockwise rotation. f A@ across all defect types. In a-f, data are averaged across 32
asters (10 h), 16 spirals of each type (10 h), and 32 targets (10 h). In d, e, data are
presented as mean = s.d., and s.d. are calculated at various times during 10 h. In
f, data are presented as mean = s.d., and s.d. are calculated using various positions
of average orientational fields (regions with r < 100 um are excluded). Scale bars:
100 um.
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around defect cores were less accurate due to the high densities at the
cores. Coherency analysis showed that orientation estimates outside
defect cores were more reliable (Supplementary Fig. 3e and f,
Methods).

To evaluate how effectively guiding ridges induced +1 defects, we
measured the angle A@ between the local cell orientation (6) and the
preset defect orientation (6,). We observed that the values of A8 did
not considerably change with the radius (Fig. 2e, Supplementary
Fig. 3g). We averaged A6 in regions with r > 100 um and consistently
observed that they were approximately - 4.1 + 1. 1" for all defects
(standard deviations (SDs) as errors), indicating a weak clockwise
chirality (Fig. 2f). Comparable results were obtained via orientational
fields derived from the long axis of nuclei (Fig. 2f, Supplementary
Fig. 3b and c, Methods). These small values of A8 confirmed the suc-
cessful induction of designed defects into cell monolayers.

We conducted a quantitative analysis of cell dynamics to investi-
gate whether the aggregation around defect cores was associated with
collective movements. Trajectories depicted in (Fig. 3a-b) were
extracted by tracking cell nuclei (Methods, Supplementary
Videos 3-6). Individual cells exhibited bidirectional motion with an
instantaneous speed of approximately 0.44 +0.02 um/min (SDs as
errors) and a typical reversal time of 1-2 h (Fig. 3c, Methods). By
coarse-graining instantaneous velocities during the continuous accu-
mulation periods (10 h, as shown in Fig. 1h), we obtained spatio-
temporally averaged net velocity fields (Supplementary Fig. 4a,
Methods, see Supplementary Videos 3-6 for time evolution of spatially
averaged net velocity fields). Streamlines calculated using these net
velocity fields demonstrated the inward direction of cellular flows
(Fig. 3d-f). Notably, one can see that the local net velocities were
typically not aligned with the local orientations. Averaging radial net
velocities along the azimuthal direction showed inward net radial
velocities for all defects (Fig. 3g, Supplementary Fig. 4b). In our mea-
surements here and subsequent fitting process, we considered a
timescale of 10 h, during which cells did not considerably proliferate
because cell division typically takes approximately 24 h®,

We further analyzed the probability distribution functions of
angles (6,) between net velocities and inward radial directions. We
excluded regions corresponding to r < 100 um to avoid inaccuracies
associated with tracking single cells in high-density cores. These angles
(6,) were predominantly situated in the inward region (- 90° < 6, < 90°)
(Fig. 3h). After extracting the peak location of 6, for each defect in
(Fig. 3h) and defining measured tilt angle (6o(measured) = 6, + AB), we
finally deduced the manner by which 6, changed with the 6y(measured)
(Fig. 3i). The obtained results were comparable with those from the
optical flow method (Supplementary Fig. 4c and d, Methods).
Symmetry-breaking shown in Fig. 2f, Fig. 3f, h indicates chirality.

Detecting the relation between net cellular flows and

active forces

Typically, conventional active nematic theories include an equation
relating a net velocity field with a linear active force term:

yv=-0V-Q @

where y represents friction coefficient between cell monolayers and
cos(26)  sin(20
substrate, and Q=S ( sin ((2 0)) B co(s (2)9)
tensor order parameter, with 6 representing local cell orientation. The
linear active force (f) can be formally identified as divergence of active
stress — {Q, resulting in f = — {V - Q. In the unpatterned case, + }
defects in the confluent NPCs were observed to move in the direction
of the comet head*, a characteristic of an extensile system with {> 0.

> represents the nematic

In our experiments, cells aligned well with the guiding patterns,
leading to a considerably slower timescale for Q dynamics than for

accumulation processes. Therefore, we assumed Q was fixed in time by
the external field induced by the pattern. For + 1 defects with
60 = 0, = ¢ + 0o the linear active force field becomes

= —{[S'(r) + Z2)(cos 20, + sin 260,), where S'(r)= S0, and t (p)
represents unit vector in the radial (azimuthal) direction. In a uniform
and confluent state where S'(r)>0 near the cores, the radial component
is inward for O < |6o| < /4 but outward for /4 < |6y| < n/2, predicting
outward flows for large values of |0| (Fig. 4a). This is in conflict with
the inward flows observed for all types of induced + 1 defects.

The linear theory can be refined by considering the anisotropic
friction y = yo(/ — €Q), with the anisotropy coefficient O < € < 1 repre-
senting larger friction along the direction perpendicular to cell
alignment'"". However, a comparison of the measured 6, with 6, pre-
dicted from this extended simple theory showed that the theory failed
to explain the inward cellular flows for all defect types (Fig. 3i).

We modeled our system to understand the underlying mechanisms
driving inward cellular flows, starting from a minimal particle-/cell-level
dry active nematic model where induced patterns were attributed to
some external field (Supplementary Information)*. Numerical simula-
tion results of this model showed particle accumulation irrespective of
types of + 1 defects, broadly agreeing with our experimental results.
Confident in this model, we derived from it a nonlinear hydrodynamic
theory using a Boltzmann-Ginzburg-Landau approach (Supplementary
Information: Section 6)****°, The theory showed the presence of two
nonlinear active force terms in addition to the standard active force.
Incorporating these terms and accounting for spatial density variations,
the total active force replacing f was expressed as

f'= —{V-pQ+y,pQ- (V- pQ)+y,(pQ- V) pQ. 2

In the steady state with ideal orientations, 6 =6, = + 6, eq. (2) can be
written in polar coordinates as

2= [<p5<r>>' + 2’@] (=0 c0520 +ypS(r) + [(psm)’ ~2P0 s,
3)

fo=- {(pS(r))’ + 2@] {sin26,, 4)

where (pS(r)) = 4C"50) Qur derivation showed that y, < 0 and that
y1 > 0 generally holds in most cases (Supplementary Information:
Section 6). Therefore, the two nonlinear active forces pointed toward
the defect cores, which contributed to inward flows and central cell
accumulations (Fig. 4a) (Notably, a Q- (V- Q) term was considered in*’
in the context of active suspensions, where it was shown to stabilize
the nematic order). Because our continuum theory included a flow
term proportional to the density gradient, the net velocity of cellular
flow was governed by

Tpv=Ff* —m,Vp, )

where I = yo(/ - ¢pQ), 0 < ep <1 and mp > 0.

To test the relation between cellular flows and active forces from
experimental data, we decomposed each of them into parallel and
perpendicular components relative to the principal axis of local Q in
regions outside defect cores (Supplementary Fig. 5). In Fig. 4b-d, we
have shown parallel components on asters and spirals (6o = m/4) and
perpendicular components on targets and spirals (6o = 1/4), as they
represent the primary components associated with inward flows on
the corresponding patterns. Concerning the V - pQ term, the parallel
components exhibited negative correlations with net velocity, while
the perpendicular components showed positive correlations (Fig. 4b),
another indication that the linear theory cannot completely explain the
observed phenomena. However, these components showed a
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Fig. 3 | Cellular dynamics during accumulation toward + 1 defect cores.

a, b, Bidirectional motion of individual NPCs on defects with 8, = /12 and 17/2,
respectively. Trajectories traveled in time are indicated by color. Color bar in (b).
Background: fluorescence images, from which cell nuclei can be observed. Dashed
lines indicate the guiding ridges of patterns. ¢ Radial profiles of the amplitudes of
instantaneous velocities (Vo) when mean densities are approximately 0.005 /um?
(upper) and autocorrelations of the directions (6}, ) of the instantaneous velocities as
functions of time interval dt (lower). /=2 h (zy=1h) corresponds to a reversal time of 2
h (1 h). d-f Streamlines on defects with 8o = 11/12, /4, and rr/2. Gray lines indicate
guiding ridges. Color represents the amplitude of net velocities. Color bar in f. g Radial
profiles of the average radial net velocity (V;) components on asters, counterclockwise

spirals, and targets. Inset: Comparison between experimentally measured radial
velocities (dots) and predictions (lines) for large r values on asters, spirals (6 = 17/4),
and targets. The prediction is obtained using method (ii). h Probability density func-
tions (PDFs) of the angles (6,) between net velocities and inward radial directions for
all defect types. Insets show the definition of 6,. i, Measured and predicted 6, values
versus measured 6, values. Oy(measured) = 8, + AB. Prediction 1 (3) is obtained using
method (i) ((iii)). Data are presented as mean = s.d. in the horizontal axis, and the
location of peak = full width at half maximum (FWHM) of PDF shown in h in the
vertical axis. FWHM and s.d. are calculated using various positions of average net
velocity fields (regions with r <100 um are excluded). In c--i, data are averaged across
32 asters (10 h), 16 spirals of each type (10 h), and 32 targets (10 h). Scale bars: 100 um.

consistent negative correlation (Fig. 4c) for the pQ- (V- pQ) term and a
consistent positive correlation (Fig. 4d) for the (pQ - V) - pQ term.
These results provided evidence for the relevance of the two nonlinear
active forces to cellular flows.

Predicting cellular flows from local orientations
From the experimental data, we extracted the value of each termin Eq.
(2), (5) using the average net velocities, orientations, and densities. To

quantitatively assess our theory, we identified the best-fit values of the
coefficients in Eq. (2), (5) via the Bayesian inference method (Methods)
applied to outer regions (100 um < r < 500 um). During fitting, we
replaced p in Eq. (2), (5) with the normalized density p/po, where po
represents mean density. The fits yielded values for five model para-
meters: € =po€,{’ ={/Vo,V2=V2P0/Vo, Vi =V1Po/Vo, and T, =1, /Vo.
For each defect type, we determined the best-fit values (Supplemen-
tary Tab. 1) and then averaged these values across various defect
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Fig. 4 | Prediction of cellular flows using active forces. a Active forces on asters
and targets when § is constant. A long arrow indicates the correspondingly strong
force. Comparisons between components of cellular flow pv and those of active
forces V- (pQ) (b), pQ- (V- pQ) (c), and (pQ- V) - pQ (d). pv)q(pv.q) is defined as
the flow component parallel (perpendicular) to the principal axis of Q, similar to the
components of active forces. Comparisons between parallel components are
plotted for asters and spirals (6 = 1/4); Comparisons between perpendicular
components are plotted for targets and spirals (8o = /4). Error bars represent s.d.
e Comparison between experimentally measured and predicted cellular flows. The
determined coefficient R? = 0.8173. The scatter plot denotes raw data (grey) on all
patterns (regions with r <100 um are excluded). Symbols show the average values

of predictions. The prediction method used is method (ii). Error bars represent s.d.
Insets show the results of the prediction method (i). In (b-e), p is normalized by
mean density. f Probability density functions of the angles (A6,) between experi-
mentally measured and predicted net velocities. The prediction method used is
method (ii). Insets show the definition of A6, and results obtained from prediction
method (i). g Predicted streamlines on the spiral (6, = 17/12) and target. Color bar in
Fig. 3f. The prediction method used is method (i). h Comparison between mea-
sured and predicted net radial velocities at r = 300 and r = 400 um for all defects.
The method used for prediction 2 (3) is method (ii), (iii). Data are presented as
mean + standard error of the mean (s.e.m.). i New classification of active nematics.
Functions defining two red lines are shown on the top left and top right.

types to yield ¢ =0.148+0.088, {'=0.0289 +0.0131um?/s, y,= —
0.0257+0.0153 um?/s, y; =0.0564 + 0.0144 um? /s, and m, = 0.0732 +
0.0294 um? /s, with SDs as errors. Although the SD in these coefficients
were large due to differences in cell conditions, the signs of these
coefficients—{">0, y,<0, and y;>0—were maintained.

We implemented three distinct approaches to predict cellular flows
based on eq. (5). (i) We used the experimentally measured Q and p fields
for each defect type with best-fit parameters; (ii) employed the same
fields but used average parameters; and (iii) generated an S(r) profile
and a p(r) profile via averaging order parameters and densities

respectively across all defects, and used average parameters and active
force components in Eq. (3), (4). By comparing the amplitudes and
angles of measured and predicted net velocities, we discovered that
although the best-fit parameters in method (i) yielded the most accurate
predictions, the average parameters in method (ii) provided acceptable
predictions (Fig. 4e, f). Using methods (i) and (ii), we predicted velocity
fields for all defects (Supplementary Fig. 6a and 7a) and displayed
streamlines on a spiral and target (Fig. 4g). In Supplementary Fig. 8 and
Fig. 3g, we compared the predicted and measured net radial and azi-
muthal velocity profiles. Furthermore, in regions outside centers, where
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the p(r) profiles and the S(r) profiles of all defect types are similar (Fig. 1i,
Fig. 2d, Supplementary Fig. 1c and 3d), the measured and predicted net
radial velocities exhibited the same cosine-like tendency over 6o
(Fig. 4h), consistent with the radial components of active forces in eq.
(3). Moreover, the predicted tendency of 6, over 6, almost matched the
measured tendency, sharply contrasting with the simple theory (Fig. 3i,
Supplementary Fig. 4d, S6b and S7b). In the prediction, we obtained
slight outward flows at cores of defects with large |0o| (Fig. 4g, Supple-
mentary Fig. 8a and b). Using ideal orientations and setting m, =0 at
central regions via an assumption, the outward cellular flows essentially
vanished (Supplementary Fig. 9, Methods).

We finally propose a classification of dry, active nematics on the
basis of our observed phenomena, given that our system cannot be
simply categorized as contractile or extensile (as determined by the
sign of {) owing to the nonlinear active forces. Ignoring the gradients of
p and S in eq. (3), the direction of force along the radial direction is
governed by the relative magnitudes of + {and (y; - y»)pS, where +( )
is for target (aster). Two new cases (regions 2 and 4 in Fig. 4i) emerge
when the nonlinear active forces dominate the linear terms ((y; - ¥2)
pS >+ (), in which the centers of target and aster could be simulta-
neously attractive or repulsive. In our case, NPC monolayers are situ-
ated in region 2.

Discussion

In nematic monolayers, a paradox arises: + 1 defect moves toward
the head of the comet-like structure, suggesting extensile behavior,
while traction stress increases toward the tail, resembling contractile
behavior'®. Balasubramaniam et al."” studied the extensile-contractile
transition in MDCK cells by knocking out E-cadherin, which wea-
kened cell-cell adhesions. This change caused + 1 defect motion to
shift from headward to tailward. Their phase field model, incorpor-
ating linear active force, reproduced experiments by eliminating
intercellular linear active force. However, why weaker contraction
resulted in more contractile behavior (+% defect moves to tail)
remained unsolved. In contrast, our model does not include
cell-cell adhesions, consistent with NPCs’ properties, and nonlinear
active forces do not affect the accumulation/depletion around +1/2
defects. These nonlinear terms isotropically direct inward toward + 1
defect cores and outward from — 1 defect cores. The major difference
appears in the integer defects. Typically, for target and tightly bend
spirals, models only with linear active force predict cell depletion
from (attraction to) cores in extensile (contractile) cases. Phase field
model in ref. 10 relied on linear forces, making it difficult to capture
our +1defect results. On the other hand, our continuum model does
not resolve the paradox on traction force. Further research is needed
in the future.

Recently, Nejad et al.*® reported that the angle between shape and
stress orientation was widely distributed in MDCK monolayers but
more restricted in LP-9 monolayers, likely due to chaotic collective
motion in MDCK cells. They also found that MDCK cells had a low
aspect ratio (-1.2), leading to large fluctuations in director measure-
ments and weak nematic order. This may prompt a reconsideration of
the extensile/contractile dichotomy. In our case, NPCs exhibit a high
aspect ratio (5-8), resulting in stronger nematic order. Their con-
tinuum model treated shape and stress as separate fields with adjus-
table correlation, where active stress was proportional to the stress
director’s Q tensor, and the active force remained linear. This is dif-
ferent from our approach, which incorporates nonlinear active forces
and integer topological defects.

In this study, we explored the dynamics of NPC monolayers with
+ 1 topological defects. Using shallow-ridged substrates to induce +1
topological defects (asters, spirals, and targets) within the NPC
monolayers, we observed cell accumulations around defect cores and
inward cellular flows toward the cores, irrespective of the defect types.
Upon incorporating nonlinear active forces to linear ones, we

quantitatively reproduced flow fields across all the defects. We believe
that the accumulation phenomena described herein are essentially
attributed to the generic properties of dense two-dimensional (2D)
cellular active nematics. Chiral symmetry-breaking witnessed at var-
ious points in this study (Fig. 2f, Fig. 3f, h, Fig. 4h, Supplementary
Fig. 2c) warrants further investigation as it may be related to edge flow,
shear flow, and cell sorting®***~*.

As explained earlier, since integer defects tend to split into two
+ % defects in nematic systems, external topographic guidance helps
control experiments and reveal nonlinear active forces. Although
micropatterns may seem artificial, similar situations also occur in vivo.
It is known that integer defects (radial and circumferential alignment)
in cell systems occur due to fiber networks (e.g., collagen) that guide
cells organization*’, as shown in’*****, Therefore, studying cell inter-
actions with external topographic features provides valuable insights
into biological systems.

Our research bridges the gap in understanding the collective
motion and the role of integer topological defects in 2D nematic cell
layers. Defects of + 1 topological charge provide aggregation sites,
potentially affecting the cell transport and morphogenesis in vivo®.
Furthermore, the identification of emerging nonlinear active forces
will clarify our understanding of collective motion in various types of
active nematics, such as those observed in bacterial colonies,
cytoskeletal  filaments, colloids, and three-dimensional
morphogenesis?****"*°, We believe our study provides insights into
the control of structure formation, highlights the effect of integer
topological defects in biology, and present a new way to quantify and
classify cell monolayers.

Methods

Cell culture

The cell lines of NPCs were established from mice of the standard
strain E14 ICR" and originally from Ryoichiro Kageyama’s lab. The
mutants stably expressing H2B-mCherry were made by Kyogo Kawa-
guchi. We used Dulbecco’s Modified Eagle Medium/Nutrient Mixture
F-12 (DMEM/F-12) (Thermo Fisher, 11039021) as a medium base sup-
plemented with basic fibroblast growth factor (20 ng/mL, Wako, 060-
04543), epidermal growth factor (20 ng/mL, Thermo Fisher, 53003-
018), and N-2 Max (100x, R&D Systems, AR009). 35-mm dishes were
precoated with 10x diluted Matrigel (Corning, 356231) and medium
(finally 30 uL Matrigel in 1 mL of the medium) overnight in 37 °C. We
then removed the coating agent and uniformly placed NPCs in 2 mL of
the medium. The initial cell density was approximately 5.5 * 10 /um?
The cultures were incubated at 37 °C with 5% CO, at saturated
humidity. StemPro Accutase (Gibco, A1110501) was used to dis-
associate cells during passage progress, and Stem-Cellbanker
(ZENOAAQ, 11922) was employed for making frozen stocks.

PDMS substrate preparation

We designed patterns in AutoCAD and accordingly produced a chro-
mium mask, followed by lithography. Via the spin-coating of SU-8 2002
(MicroChem) at 3000 rpm, we made 1.2-um slots on a silicon wafer
after lithography. A PDMS liquid with a curing agent proportion of 1/8
(Dow Corning, Sylgard 184) was poured onto the silicon wafer and
baked at 70°C for 3 h. After solidification, we peeled the PDMS sheet off
the silicon wafer and finally obtained a PDMS substrate with ridges.
Provided that the typical width of an elongated NPC is approximately
10 um, to gently guide cells and not considerably hinder their move-
ment, we fabricated ridges with a width of 9 um and a height of 1.2 um
and set the distance between ridges to 30-120 um. The micropatterns
had a central, ridge-less area. To prevent the appearance of half-integer
defects at the center, we chose the diameter of this ridgeless region as
160 um, which was smaller than the correlation length (250 gm) in the
unpatterned case (Supplementary Information Section 7). Multiple
types of defects were integrated into a single PDMS sheet, facilitating
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simultaneous comparisons between them. We made 4 types of PDMS
sheets to measure data (PDMSI: contained 6y = O and m/2, PDMS2:
contained 6y = + m/12 and + 5m/12, PDMS3: contained 6, = + /6 and
+ n1/3, PDMS4: contained 6, = + 11/4). These four types of PDMS sheets
were used in most of our measurements to have more statistics. PDMS
sheets containing all 8, values were used in Fig. 1h, 1i to check the
consistency of density evolution. Before seeding cells on the PDMS
sheet, we applied plasma cleaner to enhance the surface hydro-
philicity, sterilized with 75% ethanol and UV for 30 min separately, and
washed with PBS and DMEM/F-12. Other than micropatterns presented
in the main text, we also tested cell behavior on targets with
Rnax = 300, 600, and 900 um, revealing that the consistent cell
accumulations and tendency of inward flows remained unchanged.

Imaging

For long time-lapse experiments, NPCs were plated onto Matrigel-
coated PDMS substrates in glass bottom dishes (Iwaki). NPCs were
initially cultured in a CO, incubator for two days until reaching the
desired confluent density, after which they were observed through
phase contrast and fluorescent channels of a Leica DMi8 microscope.
Tokaihit incubator, which can maintain temperature and humidity and
CO, concentration, was assembled on the microscope to ensure nor-
mal cell growth during recording. Double-channel images were cap-
tured every 6 min to reduce phototoxicity. Steady integer topological
defects induced by the guiding patterns could be observed over sev-
eral days. Because three-dimensional mounds may form at defect
cores, confocal microscopy (Nikon Ti2E microscope with Yokogawa
CSU-WI1 Sora spinning disk and Photometrics 95B CMOS camera) was
used to analyze cell nuclei on the basal plane. In summary, these
measurements confirmed a higher cell density (accumulation) at the
cores, and the presence of inward cellular flow. See Supplementary
Information (Section 9) for further details.

Nematic order

To characterize the local alignment of cells, we measured the orien-
tational field from phase contrast images. Firstly, we computed the
gradient of the bright field /;, where jj indicated the positions of image
pixels. This brightness gradient was then smoothed using a Gaussian
filter with a standard deviation of ¢ = 21 um. Subsequently, for each
pixel, we built the structure tensor*°,

(6xli,~>(aylij)> ) (Hxx ny>

@1, Hy  Hyy

2

[.. = (6)
! ((axlg)(ayl,-,)

The local orientation 6; and coherency C; at each pixel was then
determined using the formula:

1 2Hyy
0;= zarctan <m> . @)
C.= \/ (Hxx - yy)2 +4H)2(y (8)
v Hyx +Hyy .

In general, a coherency close to 1 means that the structure is locally 1D,
a coherency close to 0 means that there is no preferred direction. The
nematic tensor order parameter Q; was calculated by

Qxx Qxy
= , )
( Qx Qy )

where (-) represents a spatial average calculated using a 2D Gaussian
filter with standard deviation ¢ = 42 um. Scalar order parameter S is

<cos(29,-j)> <sin(26,-j)>
(sin26;)) (- cos(26y))

defined by /Q3, + Q3. The local spatial average orientational field 6
was obtained from Jarctan(Q,,/Q,,). For the ideal orientations,
0; =@y + 0o in Eq. (9), ideal S is then obtained by the above steps.

We also extracted orientation fields from cell nuclei in the fluor-
escent images. Briefly, we employed marker-controlled watershed
segmentation to detect the shapes of nuclei. Then we used ellipses to
fit shapes and defined the long axis as the orientation of a single cell.
See Supplementary Information (Section 4) for further detail. At last,
these orientations were averaged within a 42 yum wide box to derive the
local spatial average orientational fields.

We also obtained orientation fields from cell membrane signal. To
label membrane, we incubated cells in 100 nM MemGlow™ (Cat.
MGO1) solution for 10 minutes at room temperature. By applying
similar structure tensor method to membrane signals for all kinds of
defects, we obtained consistent orientation and order parameter
results. See Supplementary Information (Section 8) for further detail.

Cell velocity measurements

To obtain the cellular velocity, cell nuclei were tracked by TrackMate™,
a ImageJ plugin, in the fluorescent images. The LoG detector and
simple LAP tracking algorithm were employed. Prior to tracking, the
images were stabilized using the Image Stabilizer plugin in Image). For
i-th trajectory rg(t), instantaneous velocity v{t) was estimated as the
slope determined by {r{(t - 2), ri(t — 1), ri(t),r{t + 1), rt + 2)}. The net
velocity field v(x, y) was obtained by temporally and spatially vector
averaging within a 10 um wide box, after which a 2D Gaussian filter with
standard deviation o = 42 um was applied.

To double-check the angle distributions of net velocity fields, we
also measured the cellular flows by applying an optical flow algorithm
on the fluorescent images. This algorithm is rooted in the Lucas-
Kanade derivative of the Gaussian method>. Spatial average was done
with a 42 um wide box.

In the calculation of autocorrelation of the direction of instanta-
neous velocity, (cos[Af (dD)]) = (cos[B’i,o(Hdt) - 0’;,0(1‘)]), where V,
denotes instantaneous velocity, BVO is the direction of Vy, i is the tra-
jectory number, t € [0, duration of i th trajectory], dt is time interval
(dt € [0, duration - ¢]), and ( - ) is the ensemble average over all the
trajectories (i) and time (¢). (cos[A8), (d?)]) over dt can be fitted with
exponential exp(—2dt/ty), where 1 is the reversal time scale. In the
Fig. 3¢, k=-2/1%

Cell density

For cell density quantification, we used the sum of fluorescent images
after subtracting background. The background of fluorescent signal was
calculated as the average value of the lowest 0.02% of the total pixels.
See Supplementary Information (Section 5) for further detail about the
transformations between fluorescent intensity and cell number.

Chirality

Reference *° provided clear evidence that NPCs exhibited clockwise
chirality, and suggested chirality was lost or reversed with Jasplaki-
nolide treatment. In the main text, we showed our system exhibited
potential clockwise chirality. To further investigate the chirality, we
applied 200 nM Jasplakinolide (Sigma, J4580-100UG) every 24 hours
after cells were seeded. We found this chirality was reversed, and NPCs
exhibited more accumulation on the clockwise spirals with larger |6,|.
See Supplementary Information (Section 10) for further detail.

Estimation of parameters
For fitting, we normalized p by the mean density po. Then the eq. (5)
was transfromed into

(I—€pQp'v= -7V -pQ+y,p'Q-(V-pQ)+y(p'Q-V)- p'Q — m,Vp/,
(10
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where
€=po€,{'={/Vo,V5=V2P0/Vo,V; = V1PQ/Vor7T0 Ty /Yo, P =P/pPo- For

the convenience in writtng, we set U=/ — ¢p'Q)p'v, 9= — V.
/Q, faZ ,Q (V p/Q), fa3 (p’Q V) ,O/Q. fdlffusmn Vp. Then
we defined parameter vector P and observation vector V
P= vy i mp) s (11
V= (ffrlctlon friction frlctlon ffrlctlon (12)
: xN

where the subscript i =1, 2, ..., N denotes the observation at each grid
point i of fields, N is the total number of the observation points, x, y
denote components in cartesian coordinates. The input matrix X is
defined by

a1 a2 a3 cdiffusion
x1 x1 x1 x1
a1 a2 ca3  cdiffusion

_ xN xN xN xN
- £ fjf £ pdiffusion |- )

f;zllv f @ f;3 fdlffusmn
Then eq. (9) can be written as V = XP.

Given that both sides of the equation contain unknown para-
meters, we considered a fixed €’ at first. We employed Bayesian infer-
ence method to keep the diffusion parameter mj, positive’>>. This
approach reformulated the equation into the problem of maximizing
the posterior probability distribution function /7(P|V) of the parameter
set for the given V:

M(PIV)=L(V|P)xm(P), (14)
where the likelihood function L(V|P) was defined as
1\ IV — XP|?
LVIP)= <\/ﬁ> exp <_T , (15)

and the prior distribution of the parameter set m(P) was defined as

3
1 P,’P 1 (I — )
m(P)= exp (— 0 0) x exp <— 0 ,
\ /2110%,) 205 \/2m02, 207,

(16)

where the parameter vector was separated into two parts,
Po=(. V5 y;)T and m;,. Here, we set a positive bias (7,>0) to m;, and
assumed a Gaussian prior distribution. By maximizing the likelihood
function, the optimal parameter set was obtained as

=(XTX+AI+(Ay, — M) (XTV+A, o)), (17)
where A=0%/03, A, =0/0% ,Iis the identity matrix, /' is a matrix in
which only element /'(4,4)=1 and all other elements are O,
J=(0, 0, 0, 1)". 7, was set by the estimation of the diffusion constant:
7y =v3/a where the instantaneous velocity vy = 0.0067 um/s and
velocity reversal rate =1/3600 s™". The initial values of 0>, 03, 07, were
set as 02=10"°um?/s?, 03 =10"* um*/s?, 05, =10~ 4 um*/s2. Usmg
the calculated P, ¢ and 03 were updated by:

V — XP|?
oo [y

18
IN (18)

.
0= %, 19)

which were subsequently used to update P. This cycle was iterated
until the relative change of the A per iteration became smaller
than 107,

So far, with a fixed €, we obtained the estimated parameters.
Next, we varied €', and for each €', we used the Bayesian method to
obtain the estimated velocities as stated earlier. Then we calculated
the determination coefficients between the estimated velocities and
the measured velocities. We selected the optimal € and other para-
meters which maximized the determination coefficients until the
relative change of determination coefficients became smaller
than 107>,

Correction for the predicted outward flows of the centers
Slight outward flows appear at cores of defects with large |6o|, where
the densities are much higher (Fig. 4g, Supplementary Fig. 8a, b). Here,
we neglect the V p termin eq. (5) around cores (r < R;,) according to
an assumption that cells can readily move to the third dimension and
form cell mounds at high density under compression. Additionally,
according to Eq. (3), (4), active forces near centers are sensitive to the
amplitude and gradient of S which we could not reliably measure due
to equipment limitations. By using ideal orientations (6 = 6,) and ideal
S (Supplementary Fig. 9b) according to the definition of defects and
setting g, = 0 at regions with r <80 um (with other parameters as best-
fit values), the outward cellular flows vanish basically (Supplementary
Fig. 9a,c). This method causes fluctuations in net velocity amplitudes
around r = 80 um (Supplementary Fig. 9a,c). To address this, we
employ linear interpolation to replace the fluctuating values (Supple-
mentary Fig. 9e).

Statistics and reproducibility

All the reported experimental results repeated successfully and inde-
pendently 3 times in different weeks. Quantification always considered
measurements from multiple micropatterns (N, indicated in the figure
captions). Average vector fields (velocity and orientation), density
fields as well as the corresponding radial profiles were obtained by
averaging > 15 cellular disks for each kind of defect.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data supporting this study and its findings are available within the
article and its Supplementary Information. Any data deemed relevant
are available from the corresponding author upon request. The data
generated in this study are provided in the Source Data file. Source
data are provided with this paper.

Code availability
The MATLAB code used for obtaining coefficients by fitting is available
in Zenodo™.
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