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Penn State University 

• State College: equally close to New York, Washington DC, 
Phladelphia, and Pittsburg (3 hours by car) 

• twenty-four campuses (main campus 45,000 students) 
• 17,000 faculty and staff
• >100,000 students
• second largest football stadium in the US (112,000 seats) 
• operating budget >7 billion dollars 



Active  Matter 

• Active Matter - a wide class of systems actively consuming
energy from environment, such as assemblages of active
self-propelled particles. The particles have a propensity to
convert energy stored in the medium to motion

• Examples: suspensions of swimming bacteria and synthetic
microswimmers, cytoskeletal actin-myosin networks, driven
colloids

• Active materials exhibit properties not available at
equilibrium: self-healing, adaptation, shape change



Suspension of microswimmers:  
one of the simplest realizations of  active matter 

-about 5 μm long, 0.7 μm diameter
- swim up to 20 μm/s 
- low tumbling rate
- aerobic (need oxygen to swim)
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A living nematic   

Zhou, Sokolov, Lavrentovich, IA PNAS 2014



Liquid crystals 

Orientational
and positional 
order 

Orientational order No order



liquid crystal phases  

orientational
order: nematic

chiral order:
cholesteric

layering:
smectic

n nematic director: 
(apolar) vector along molecular axis  



liquid crystal deformations   

nematic liquid crystals (DSCG)  
3 elastic constants K1,2,3 (splay, bend >> twist) 
3 viscosities: ha,c ~104hb

Chapter 6 Dynamics of Isotropic and Anisotropic Fluids210

inspired by the treatment of the mobility of defects in solids (see Chapter 11). Finally, note
that the H-model of nematodynamics is just one example of the unified hydrodynamic
theory of systems with broken symmetry.6 Kats and Lebedev (1994) have reviewed its ap-
plications to smectic and columnar phases, freely suspended films, Langmuir monolayers,
and membranes.

6.5. Applications of Nematodynamics

6.5.1. Nematic Viscosimetry
The anisotropy of the viscous properties of a nematic fluid can be illustrated by measuring
effective viscosities for different director orientations with respect to the flow direction.
Consider a plane Couette flow of a nematic confined between two plates z = 0 and z = d
(Fig. 6.5). The top plate moves with a constant velocity U along the y-axis, and the bottom
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Figure 6.5. Plane Couette flow of a nematic fluid with the director fixed by a strong magnetic field.
Miezowicz geometries: (a) n parallel to the vorticity direction, (b) n parallel to the flow, (c) n parallel
to the velocity gradient.
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LC: DSCG 

DSCG, a.k.a. cromolyn, anti-asthma drug
disc-like molecules from linear aggregates

Phase Diagram 

• I – isotropic
• N – nematic
• C – columnar



Mucus – biological liquid 
crystal   

• protective, exchange, and transport medium in the digestive, respiratory 
and reproduction systems

• Protects against infectious agents such as fungi, bacteria, and viruses

• Better understanding of bacteria-mucus interaction is crucial for the study
and development of better treatment of many diseases

• Long molecules form liquid crystalline phase of mucus 

N Figueroa Morales, et al, Sci Rep, 2019 
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Mark I Experimental Cell  
glass plates  

• nematic LC 
• planar director surface anchoring  (x-direction) 
• plates coated with polyimide 
• rubbed with a velvet cloth
• thickness : 5 – 500 microns 
• concentration of bacteria: 0.2 – 3%  
• temperature 25-35 C

x
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z

z

h

h
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c

bacteria   

LC  
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Bacteria follow director of a LC 
(low concnetration)

director 
flat glass cell

Thickness    

h = 5-10 µm

Zhou, Sokolov, Lavrentovich, IA, PNAS 2014 

director (non-polar vector)  – average molecular orientation 
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Zoom on individual  bacterium

direct optical visualization
of the 24 nm flagella! 

• flagella rotation – 10 Hz 
• body counter-rotation – 2 HZ 



Tracer-bacterium interaction: 
targeted cargo transport and delivery 

Evidence for the long-range interaction     

Sokolov, Zhou, Lavrentovich, IA PRE 2015 



Direct flow visualization
flow è butterfly pattern  

polscope directly visualizes optical retardance

Crossed-polarized image   Polscope image   



Reconstructed flow field  

Flow field is reconstructed
from the Leslie-Ericksen
equation 
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Average flow field created by a single freely swimming bacterium far from surfaces (A–D) and 
close to a wall (E–H). 

Drescher K et al. PNAS 2011;108:10940-10945

©2011 by National Academy of Sciences

Induced flow comparable to the swimming speed at a distance approx 0.5 microns  



Guidance of bacteria  in a biphasic domain
higher temperature – nematic/isotropic phases co-exist

bacteria follow the boundaries of normal tactoids



Living LC in the biphasic domain
higher temperature – nematic/isotropic phases co-exist

bacteria melt LC and nucleate tactoids – cloud chamber   
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Higher Concentrations: Collective Effects
no oxygen: equilibrium state 
of uniform director

with oxygen: director 
undulations and stripes

100 µm 
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Collective Effects: Formation of Stripe Pattern

scale  depends on concentration, amount of oxygen
extreme sensitivity-> possible biosensor applications 
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Bacterial Turbulence in LC   

Bacteria in LC  
MT+ MM, Dogic
group, Nature 2013  
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Emergence of the coherence length
(period of the stripe pattern)

coherence length vs concentration  

ξ =
Kh

αlcU0

theoretical
prediction
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Estimation of the coherence length

Γshear ~αcU0θ

Γelastic ~ K
∂2θ
∂x2

!

"
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0 0
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= ®

Balance of viscous and 
elastic (LC) torques 

Correction due to the finite cell thickness (mass conservation)

• bacteria (pushers) create force dipole U0
• total dipole moment of the suspension   cU0

F-F U0=Fl
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Comparison with the Experiment 

ξ =
Kh

αlcU0
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Computational model 
• Edwards-Beris model for liquid crystals (tensorial order par) 
• thin layer approximation (2D description)
• almost no interaction between the bacteria
• bacteria impose stress on the fluid
• bacteria swim along the LC director 

θ φ

A B F
-F 

Genkin, Sokolov, Lavrentovich, IA PRX 2017



Block-diagram of the model:
3 coupled PDE modules

Ginzburg-Landau-de 
Gennes Eq for

Tensor order par Q

Conservation law 
for bacteria conc c

Eq for hydrodynamic 
velocity v (aka Stokes Eq)
Bacteria -> active stress 

Edwards-Beris Model
for liquid crystals  

Coupling 

Genkin Sokolov, Lavrentovich, IA, PRX 2017  
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Edwards-Beris Model (LC)  

2D order parameter (OP) 
Traceless anti-symmetric tensor

v – fluid flow 
H – molecular field, S-tensor  
Fexter – external aligning  field (anchoring)
G – rate constant  

Q = q

✓
nn� 1

2
I

◆

n = (cos(✓), sin(✓))

Order parameter in 2D 

Q =

✓
Qxx Qxy

Qxy �Qxx

◆

θ φ

A B F
-F 
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Edwards-Beris Model 
S couples Q to the velocity gradient tensor W

Molecular field  

Ginzburg-Landau-de Gennes free energy
(single constant approximation for elastic energy)    

F =

Z
dr

✓
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2
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Linear momentum equation
(coupled to order par equation, 

generalization of Stokes eq)  
symmetric   

r (�a + �s + �act + �visc � pI)� ⇠v = 0

anti-symm active (bact)   
viscous    

pressure   wall friction   

v – hydrodynamic velocity
stress tensors s are functions of Q,v
x - friction coefficient 

Bacteria impose active stress sact, 
drive the system out of equilibrium  



Active stress due to bacteria swimming

�act = �c

✓
pp� I

2

◆

p –orientation of bacteria 
l<0 – stresslet strength (pusher)
c – concentration of bacteria
f – orientation of bacteria
q– orientation of a nematic

p = (cos(�), sin(�))

U0

x

y

ϴ

f

@t� =
q

⌧0
sin(2✓ � 2�) + ...

t0<<1 – fast relaxation towards nematic direction 
f =q, q+p -> p=n, p=-n 
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Conservation law:  transport of bacteria
• bacteria swim parallel/antiparallel to the director: 
f=q, f=q+p or     p=n, p=-n

• bacteria randomly reverse direction with the rate 1/t
• c+ parallel to n, c- antiparallel:      -p/2<q<p/2 

self-propulsion   advection   reversals   

@tc+ + r (V0nc+ + vc+) = �c+ � c�
⌧

+Dcr2c+

@tc� + r (�V0nc� + vc�) = �c� � c+
⌧

+Dcr2c�

c = c+ + c�

diffusion   

V0- swimming speed  



The mechanism of reversal: 
two flagella bundles 

Nuris Figueroa , PSU 



Relation to Active Nematic Model

• Amin Doostmohammadi, Julia Yeomans, others 

• Equation for the OP

• Linear momentum 

• Constant density. These eqs can be obtained in the limit 
of very small reversal time (unphysical limit) 

r (�a + �s + �act + �visc � pI)� ⇠v = 0



Analytical linear stability of the aligned 
state in bacteria-nematic system   

long-wave instability: 
zero anchoring

-0.6

-0.4

-0.2

0

A

Re
( 

)

CB

homogenous steady state: n= (1, 0), c+=c-=c0/2 
perturbations ~ exp( s(k)t+ i kr) 

s(k)

short-wave instability: 
nonzero anchoring

kcr~(Er xan)1/4
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Comparison with the Experiment 

ξ =
Kh

αlcU0
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Computational Analysis: 
tensorial eqs coupled to conser law

• Semi-implicit quasi-spectral method (FFT)
• Massive parallel, implemented on the GPU 
• # of mesh points 10242, results checked 

for 20482

• Nvidia CUDA programming language 
• Visualization – Matlab
• Custom-made defect tracking algorithm



Fundamental problem of algorithm 
• Mapping a vector field (flux of bacteria) to a nematic field is 

ambiguous
• Nematic director n=(cos(q), sin(q)), nematic angle –p/2<q<p/2
• Bacterial fluxes J± = ± V0n are discontinuous for q changing 

from –p/2 to p/2 : no standard numerical approach works 
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resolving angle ambiguity

discontinuity line  core

• nematic angle is defined between  –p/2<q<p/2
• directions   –p/2 and p/2 are identical for the nematic
• but  the flux V0sin(q) changes sign:
• unphysical discontinuities for c± along these lines  

@tc± V0rnc+ ...



Solution of PDEs - Phase diagram 
co
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anchoring strength, xan

• narrow band of periodic states 
• hysteretic transition  



instability, near threshold 



Anchoring, periodic modulations  



Strong anchoring, bound pairs



Topological defects in a nematic

Integer defect 
(unstable) Stable half-integer defects (disclinations)

Topological charge

q orientation of director, g contour  

k = 1
2⇡

H
� r✓ · dl



passive versus active nematic

½  defect: migration  -½ defect: stationary 

A B

passive nematic: isolated topological defects are   immobile 

active nematic: -½ defect is immobile (symmetry), 
but ½ defect moves spontaneously 



Defect’s statistics
• +1/2 defects persistently moving, -1/2 defects are immobile
• Gaussian velocity distributions for high concentrations 
• Stretched exponential for low concentrations (1<x<2) 

Defect’s speed

+1/2

-1/2

-1/2 defects 1/2 defects

c0=0.3

c0=1.8

c0=0.3

c0=1.8



Accumulation/depletion of bacteria 
in the cores of defects

Relation between activity and topology  
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Accumulation/depletion 

½  defect accumulation -½ defect depletion

A B

large reversal time  
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Topological defects control collective dynamics in 
neural progenitor cell cultures
Kyogo Kawaguchi1,2,3, Ryoichiro Kageyama4 & Masaki Sano1,3

Cultured stem cells have become a standard platform not only 
for regenerative medicine and developmental biology but also 
for biophysical studies. Yet, the characterization of cultured stem 
cells at the level of morphology and of the macroscopic patterns 
resulting from cell-to-cell interactions remains largely qualitative. 
Here we report on the collective dynamics of cultured murine neural 
progenitor cells (NPCs), which are multipotent stem cells that give 
rise to cells in the central nervous system1. At low densities, NPCs 
moved randomly in an amoeba-like fashion. However, NPCs at 
high density elongated and aligned their shapes with one another, 
gliding at relatively high velocities. Although the direction of 
motion of individual cells reversed stochastically along the axes of 
alignment, the cells were capable of forming an aligned pattern up 
to length scales similar to that of the migratory stream observed 
in the adult brain2. The two-dimensional order of alignment 
within the culture showed a liquid-crystalline pattern containing 
interspersed topological defects with winding numbers of +1/2 
and −1/2 (half-integer due to the nematic feature that arises from 
the head–tail symmetry of cell-to-cell interaction). We identified 
rapid cell accumulation at +1/2 defects and the formation of three-
dimensional mounds. Imaging at the single-cell level around the 
defects allowed us to quantify the velocity field and the evolving 
cell density; cells not only concentrate at +1/2 defects, but also 
escape from −1/2 defects. We propose a generic mechanism for the 
instability in cell density around the defects that arises from the 
interplay between the anisotropic friction and the active force field.

We used NPC culture established from fetal mice, which can  survive 
and proliferate (that is, undergo cell division) for numerous cycles on a 
dish coated with laminin (which allows the cells to attach to the dish)6. 
At low density, cells tended to move in an amoeba-like fashion, so 
with no apparent order but with occasional attachment between cells  
(Fig. 1a, Supplementary Video 1). In the high-density regime, on 
the other hand, cells aligned with each other according to their 
 elongated shape (Fig. 1a), which led to a macroscopic pattern (Fig. 1b,  
Supplementary Video 2). The alignment pattern evolved in time 
 following the growth of the cell density, which was captured by quanti-
fying the nematic order parameter at a fixed system size (Extended Data 
Fig. 1a and b). We found points in the pattern at high density where the 
cellular alignment was disrupted; these points are called topological 
defects. The defects observed in this system are characterized by the 
winding numbers ± 1/2; the alignment field around the defects suffer 
plus or minus half of a full rotation on an enclosing counterclockwise 
path (Fig. 1c). Defects with winding numbers ± 1/2 are precisely the 
signature of underlying nematic order. If the system is polar, asters and 
vortices (with winding number + 1) will appear instead7.

To obtain the trajectory of single cells and quantify the cell density 
(Fig. 2a), we established a cell line that stably expresses a fluorescent 
nucleus marker, H2B-mCherry. The single-cell tracking showed that 
local alignments at the high-density regime involved rapid motion 
(about 40 µ m h−1, Extended Data Fig. 2a and b), mostly in the locally 

aligned direction, whereas in the lower-density stage the motion 
looked more random (Fig. 2b). From the live images it is clear that 
NPCs are able to slide and pass by each other even in the seemingly 
dense-packed configuration (Supplementary Video 3), indicating that 
the interaction between the directions of cell velocity is close to ideally 
nematic (Extended Data Fig. 2c). The cell interactions and migrations 
were dependent on the concentration of laminin; large cell aggregates 
formed when the concentration was too low (Extended Data Fig. 3a). 
Consistent with the fact that the bipolar cell shape is supported by 
microtubules, treatment with nocodazole (which blocks microtubule 
polymerization) was also capable of disrupting the nematic pattern 
(Extended Data Fig. 3b).

We quantified the timescale involved in the cell motion by calcu-
lating the autocorrelation functions from the single-cell trajectories 
(see Supplementary Information). The autocorrelation of the direc-
tion of motion at high density fitted well with an exponential function, 
which is a feature of a time-independent stochastic process (Fig. 2c, 
time frames C and D). To gain further insight into the properties of 
the motion, we calculated the nematic autocorrelation function of the 
direction of motion. In contrast to the autocorrelation, the nematic 
autocorrelation at high density approached zero very slowly with 
respect to the time interval (Fig. 2d, time frames C and D), but less so 
at lower density (time frames A and B). This indicates that the cells are 
changing their direction of motion 180° rather than randomly walking 
in two dimensions, as also seen in the distribution of angle relative 
to the longitudinal direction of motion of each cell (Extended Data  
Fig. 2b). Taken together, the timescale extracted from the autocorrela-
tion can be compared with a one-dimensional velocity reversal  process, 
especially at the high-density culture, where we find the  average 
 switching time to be about 3 h (inset to Fig. 2c).

In adult rodent brains, neuroblast cells—a premature form of 
neurons—continuously migrate out of the subventricular zone in a 
 millimetre-order collective cellular line, which is a phenomenon known 
as the rostral migratory stream (RMS)2. Similar to our observations for 
NPCs, the motion of the cells in the RMS has been shown to be bipolar 
within the average transport towards the olfactory bulb8. Although 
our NPCs are premature compared to neuroblasts (that is, they are 
negative in neuroblast marker PSA-NCAM; Extended Data Fig. 3c), we 
found that the knockdown of NCAM (one of the cell-adhesion proteins 
that is critical in RMS), disrupted the alignment patterns, resulting in  
disordered dynamics (Extended Data Fig. 3d, Supplementary Video 4). 
We further asked whether a thin lane set by a boundary  condition9,10 
could induce NPCs to align on a length scale that is as long as the 
RMS. Indeed, under a lane boundary condition set by scraping the 
surface of the culture substrate, the cells persistently aligned over a 
distance greater than 2 mm while undergoing bidirectional motion, 
thus mimicking the thin and long pattern seen in the real brain2  
(Fig. 3, Supplementary Video 5).

A neural progenitor in a developing embryo, on the other hand, 
is known to move its nucleus up and down within its thin cell body 

1Department of Physics, The University of Tokyo, Bunkyo-ku, Tokyo 113-0033, Japan. 2Department of Systems Biology, Harvard Medical School, Boston, Massachusetts 02115, USA. 3Universal 
Biology Institute, The University of Tokyo, Bunkyo-ku, Tokyo 113-0033, Japan. 4Institute for Frontier Life and Medical Sciences, Kyoto University, Sakyo-ku, Kyoto 606-8507, Japan.
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according to the cell cycle phase, which is known as the interkinetic 
nuclear migration11. To see whether the direction switching is related 
to cell cycle, we used the cell-cycle marker Fucci12, and found that the 
switching of direction occurs within the same G1 or G2 cell cycle phase 
(Supplementary Video 6). This is in contrast to the interkinetic motion 
seen in vivo, where the motion of the nucleus is directed to the basal 
end (G1) or the apical end (G2) of the NPC, depending on its cell cycle 
phase11, although there was a difference in the timescale of switching 
between the two phases (Extended Data Fig. 4a–c)13.

Active nematic systems are predicted to have spatio-temporal cor-
relations between densities and strengths of nematic order that are 
 distinct from those of equilibrium systems3–5. By picking out areas 
that do not contain defects14, we confirmed giant number fluctuation 
and quasi-long-range order (Extended Data Fig. 5a and b) in the high- 
density NPC culture. In the same regions, we calculated the  spatial 
correlations of cell density and alignment fluctuations (Extended 
Data Figs 6 and 7a–f) and found that the fluctuations of density and 
alignment were correlated (see Supplementary Information). The 
correlations were positive in the first and third quadrant when seen 
as a function of two-dimensional displacements, indicating that the 
system is an extensile active nematic system3,5,15. This feature of the 
correlation was flipped and weaker in the case of a cultured myoblast 
cell line C2C12, which also shows a nematic pattern (Extended Data 
Fig. 8a and b). We further found that the spatial correlation of the cell 
density was anisotropic when the typical length scale of correlation 

in the direction parallel to the alignment was larger than that in the 
direction perpendicular to it (Extended Data Fig. 6).

A clear signature of ‘activeness’ in a macroscopic system can be found 
at the topological defects. It has been observed both in experiment 
and simulation16–25 that + 1/2 defects typically undergo spontaneous 
motion in active nematic systems, which is in contrast to defects in 
equilibrium liquid crystals26. Topological defects in the biological 
 context have been observed in whorled grain in wood17 as well as 
in tube formation in embryonic development. Examples of defects 
yielding non-equilibrium collective dynamics include in vitro21,22,27 
and in vivo28 cytoskeleton dynamics, bacterium flows in liquid crystal 
mixtures23,25, colony growth dynamics24, and the cAMP patterning of 
aggregating social amoeba29.

As has been reported in other works on cell cultures9,30,31, we clearly 
observed + 1/2 and − 1/2 defects in the dense NPC culture (Fig. 4a). 
We found slow motions of defects (3.7 µ m h−1 on average) including 
the merging of defects with opposite winding numbers (Fig. 4b). In 
Fig. 4c, we show the local nematic order around the topological defects 
calculated from the displacement of cells inside small regions. Figure 4d 
shows the net velocity field calculated from the same data, indicating 
that there is a flow of cells pointing in the direction of the front of the 
comet shape in + 1/2 defects (Fig. 4c), whereas no clear directionality 
exists in the − 1/2 defects. The direction of the defect motion in the 
NPCs was opposite to that for passive liquid crystals, C2C12 (Fig. 4e), 
and the confluent fibroblasts reported in ref. 31.

a b

c

T = 0 πt = 0 min

+1/2

180 min

–1/2 +1

Figure 1 | Two-dimensional patterning and collective motion of NPCs. 
a, Imaging at the single-cell level of the two-dimensional culture. The 
top panels show low-density (1,100 cells mm−2) cells observed in phase 
contrast (left) and fluorescent channel (right, nucleus marker in pseudo-
colour). Lines in the right panels are the typical trajectories of single cells. 
The bottom panels show high-density (3,000 cells mm−2) cells. The white 
arrows (right bottom panel) indicate velocity reversal of the tracked cells. 
Scale bar, 100 µ m. b, Large-field image of NPC culture. Colour indicates 

the angle of the local alignment calculated using the tensor method (see 
Supplementary Information) from the phase contrast image (bottom). 
Singular points where all colours meet in the top figure are the topological 
defects, as shown explicitly in the bottom image with the winding numbers 
+ 1/2 (red) and − 1/2 (blue) indicated. Scale bar, 1 mm. c, Types of 
topological defects characterized by the winding numbers.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Topological defects in epithelia govern cell death 
and extrusion
Thuan Beng Saw1,2*, Amin Doostmohammadi3*, Vincent Nier4, Leyla Kocgozlu1, Sumesh Thampi3,5, Yusuke Toyama1,6,7, 
Philippe Marcq4, Chwee Teck Lim1,2, Julia M. Yeomans3 & Benoit Ladoux1,8

Epithelial tissues (epithelia) remove excess cells through extrusion, 
preventing the accumulation of unnecessary or pathological cells. 
The extrusion process can be triggered by apoptotic signalling1, 
oncogenic transformation2,3 and overcrowding of cells4–6. Despite 
the important linkage of cell extrusion to developmental7, 
homeostatic5 and pathological processes2,8 such as cancer metastasis, 
its underlying mechanism and connections to the intrinsic 
mechanics of the epithelium are largely unexplored. We approach 
this problem by modelling the epithelium as an active nematic liquid 
crystal (that has a long range directional order), and comparing 
numerical simulations to strain rate and stress measurements within 
monolayers of MDCK (Madin Darby canine kidney) cells. Here we 
show that apoptotic cell extrusion is provoked by singularities in cell 
alignments9,10 in the form of comet-shaped topological defects. We 
find a universal correlation between extrusion sites and positions of 
nematic defects in the cell orientation field in different epithelium 
types. The results confirm the active nematic nature of epithelia, and 
demonstrate that defect-induced isotropic stresses are the primary 
precursors of mechanotransductive responses in cells, including 
YAP (Yes-associated protein) transcription factor activity11, caspase-
3-mediated cell death, and extrusions. Importantly, the defect-
driven extrusion mechanism depends on intercellular junctions, 
because the weakening of cell–cell interactions in an α-catenin 
knockdown monolayer reduces the defect size and increases both 
the number of defects and extrusion rates, as is also predicted by 
our model. We further demonstrate the ability to control extrusion 
hotspots by geometrically inducing defects through microcontact 
printing of patterned monolayers. On the basis of these results, we 
propose a mechanism for apoptotic cell extrusion: spontaneously 
formed topological defects in epithelia govern cell fate. This will 
be important in predicting extrusion hotspots and dynamics  
in vivo, with potential applications to tissue regeneration and the 
suppression of metastasis. Moreover, we anticipate that the analogy 
between the epithelium and active nematic liquid crystals will 
trigger further investigations of the link between cellular processes 
and the material properties of epithelia.

To understand the mechanisms that underlie apoptotic cell extru-
sion (Fig. 1a), we investigated the relationship between extrusion and 
epithelial monolayer remodelling. By culturing Madin Darby canine 
kidney (MDCK) epithelial cells at confluency on micropatterned 
substrates coated with extracellular matrix proteins (Methods), 
we observed that extrusion events were preceded by a coordinated,  
long-range flow of cells towards the eventual location of the extrusion  
(Fig. 1b, − 160 min; Supplementary Movie 1). The group of cells that 
constituted these flows consistently formed a comet-like shape, with 
the head portion of the comet pointing towards the cell destined for 

extrusion (Fig. 1c, d). Since the cells in the monolayer were aniso-
tropic in shape over long periods of time (Extended Data Fig. 1a, b) 
and demonstrated supracellular orientational order in their alignment 
(Extended Data Fig. 1c, d), the comet shape can be identified as a sin-
gularity in the cellular alignment9,10. We note that the singularity takes 
the form of a topological defect with + 1/2 topological charge, where 
the orientational ordering is destroyed in a nematic liquid crystal. There 
are predominantly two types of defects in nematic liquid crystals, that 
is, + 1/2 and − 1/2, and both were identified in the monolayer (Fig. 1e, 
Methods)12. Such nematic topological defects have been identified in 
a wide variety of biological systems including lipid vesicles13, fibroblast 
cell colonies9,10, suspensions of microtubule bundles14, motility assays 
of driven filaments15, and growing Escherichia coli colonies16.

We found that extrusion events were strongly correlated with the 
positions of a subset of + 1/2 defects (and less so with − 1/2 defects) 
(Fig. 1f, Extended Data Fig. 1e–h, Methods). We further found similar  
extrusion–defect links in different types of epithelium (Fig. 1f and 
Extended Data Fig. 1e–h), including a cell-division-inhibited (treated 
with mytomycin C) MDCK monolayer, a breast cell line (MCF10A) and 
human epithelial skin (HaCaT). In the last case, we found a correlation 
between extrusions and defects, but with a stronger correlation with  
− 1/2 defects, which may be attributed to the multi-stratified organiza-
tion of HaCaT cells as well as the HaCaT cell layers being more elastic 
than the MDCK monolayer17. We then analysed the temporal correlation  
between nematic defects and cell extrusions within MDCK epithelial 
monolayers. Defects occurred well before cell extrusion and caspase 
activation (at about 100 min) (Extended Data Fig. 1i), consistent with 
spatio-temporal cellular flows observed in these regions. It suggests that 
singularities in cellular alignment are spontaneously generated in the 
epithelial monolayer in the form of nematic topological defects, and 
the defects in turn trigger cell apoptosis and extrusion.

To probe the first part of the hypothesis, we studied the properties 
of singular points of cellular alignment in wild-type (WT) MDCK to  
confirm their identification with topological defects in active nematic 
liquid crystals. We used particle image velocimetry18 (PIV; see Methods) 
to measure experimentally the velocity and strain rate fields around 
the singular points in cell alignment (Fig. 2a top row, Experiment), 
and compared them to numerical simulations (see Methods) of active 
nematic liquid crystals (Fig. 2a bottom row, Simulation)19. The close 
match between strain rate patterns and velocity fields around + 1/2  
topological defects in experiments and simulations (Fig. 2a) revealed that 
the epithelium monolayer of cells indeed behaves as an extensile, active 
nematic. The extensile nature is manifest as flow along the elongated 
axes of the cells that moves towards the head region of the defect (Fig. 2a  
rightmost column, Average velocity field), in contrast to contractile 
flow, which is directed towards the tail region (Extended Data Fig. 2a).  
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Previous studies have shown that other active systems exhibited exten-
sile behaviours, including reconstituted microtubule bundles14, E. coli 
bacteria20, sperm cells21, and cell division induced flow field in an  
epithelium19,22. We checked that cell division inhibition did not alter 
the extensile nature of MDCK (Extended Data Fig. 2b, Mytomycin C). 
Moreover, active nematic theory predicts that the defect density scales 
proportionally with the activity of the cells19 (Extended Data Fig. 2c, 
Supplementary Movie 2). Because active stresses in the cell monolayer 

originate to a large extent from the actomyosin activity23, we tested this 
by introducing blebbistatin treatment. When blebbistatin was added 
to reduce activity at various concentrations (10 µ M and 50 µ M), there 
was a steady and considerable drop in the defect density with respect 
to the concentration we used (Extended Data Fig. 2d), and this trend 
was reversed during washout (Fig. 2b, Supplementary Movie 3). The 
rates of defect density decrease and increase were similar, as the defect 
density dropped to about 33% of its original value after approximately 
10 h of blebbistatin treatment, and increased back to about 66% of 
the original density in approximately 6 h of washout. The blebbista-
tin treated monolayer maintained an extensile flow field (Extended 
Data Fig. 2b, Blebbistatin 10 µ M). In addition, the extrusion–defect 
spatial correlation was slightly reduced under blebbistatin treatment, 
suggesting a stress regulation around the defects through actomyosin 
activity (Extended Data Fig. 2e). Altogether, these results confirm that 
the epithelium is behaving as an active nematic liquid crystal and that 
topological defects are spontaneously formed by active stresses in the 
monolayer. This is in contrast to a recent finding that fibroblast cells in 
a packed environment behaved as a non-active, nematic liquid crystal10, 
where the number of topological defects relaxed to the equilibrium 
state.

To understand why extrusions were related to defects, we first spec-
ulated that defects might generate regions of high local cell density 
that induced extrusions, as tissue crowding is known to play a role 
in cell extrusion4–6. However, we did not find a clear spatial correla-
tion between extrusions and the regions of highest local cell density 
(Extended Data Fig. 3a, Methods). The next clue came from liquid 
crystal theory12, in which spontaneously formed topological defects 
are expected to generate mechanical stress in their vicinity owing to 
large distortions in the cell orientation. We thus hypothesized that  
+ 1/2 defects generated spatially localized, elevated compressive stress 
that is sufficient to provoke cell response, apoptosis and extrusion. This 
hypothesis is supported by simulations showing that the highest com-
pressive isotropic stresses are strongly correlated with the locations of  
+ 1/2 defects and less so with − 1/2 defects (Extended Data Fig. 3b),  
which is reminiscent of the stronger extrusion correlation with  
+ 1/2 defects than with − 1/2 defects in experiments (Fig. 1f, Extended 
Data Fig. 1f). To investigate the impact of mechanical stress on cell 
extrusions, we measured the mechanical traction exerted by cells on 
the underlying substrate using traction force microscopy17 (TFM, see 
Methods), and converted the traction to two-dimensional stress in 
the monolayer (Fig. 2c) using Bayesian inversion stress microscopy24 
(BISM, see Methods). Consistent with the velocity field results, the 
stress pattern around + 1/2 defects in the experimental measurements 
is again highly similar to that in extensile nematic simulations (Fig. 2d).

To prove directly that cells are more compressed at + 1/2 defects, we 
calculated the isotropic contribution to the monolayer stress measured 
experimentally around topological defects. The isotropic stress provides 
a clear distinction between + 1/2 and − 1/2 defects as it is only highly 
compressive (negative) at the head portion of a + 1/2 defect, while being 
more tensile at a − 1/2 defect (Fig. 3a, Experiment). These distinguish-
ing isotropic stress distributions around the defects are again reflected 
in the simulations (Fig. 3a, Simulation). We then measured the time 
evolution of the average isotropic stress for cells that were going to 
extrude, and found that such cells were being increasingly compressed 
(increasingly negative isotropic stress with time, see Fig. 3b) in the time 
leading up to their extrusion. Notably, the time at which stress started 
to become more compressive (about − 110 min) was consistent with the 
start of the long-range flow and with the rise in the defect–extrusion  
correlation (Fig. 1b, Extended Data Fig. 1i). These results matched 
the observation that a + 1/2 defect is first created and propagated in  
the monolayer, and that a cell is then extruded at the head region of the 
defect where the compressive stress is concentrated (Fig. 3c). There was 
also a higher probability for a defect with higher compressive stress to 
induce an extrusion (Extended Data Fig. 3c, Methods). We observed 
that the + 1/2 defects tended to maintain their overall orientation as 
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Figure 1 | Extrusion correlates with singularities in cell orientation 
in the epithelia. The singularities are defects with a + 1/2 topological 
charge. a, Left, diagrams of confluent monolayer (top) and extruding 
cell (bottom). Grey, cell body; blue, nucleus; orange, apoptotic extruding 
cell). Middle, side view confocal image of confluent MDCK monolayer 
(top) and extruding cell (bottom). Green, actin; blue, nucleus. Right, 
corresponding images of activation of caspase-3 signal (red): top, 
monolayer; bottom, extruding cell. b, Phase-contrast images showing 
monolayer dynamics before extrusion (yellow arrowhead) at t =  0 min, 
overlaid with velocity field vectors. Length of vectors is proportional to 
their magnitude. Colour code: bright (dark) green for high (low) speeds.  
c, d, Corresponding images overlaid with red lines (in c), and represented 
as black lines (in d) showing average local orientation of cells. The group 
of cells moving towards the extrusion forms a comet-like configuration  
(in d: blue dot, comet core; arrow, comet tail-to-head direction).  
e, Experimental (left) and schematic (right) images of + 1/2 defect (top, 
comet configuration) and − 1/2 defect (bottom, triangle configuration). 
Red lines, average cell orientations; blue dot and arrowmark, respectively 
defect core and tail-to-head direction of + 1/2 defect. Green triangle, − 1/2 
defect core. f, Left, diagram showing determination of correlation between 
+ 1/2 defects and extrusions: distance of each extrusion to its closest  
+ 1/2 defect in the preceding frame is measured (re), and the number 
of these defects per unit area as function of re is normalized (right). See 
Methods. n =  50 (MDCK WT) extrusions from 4 independent movies 
in 3 independent experiments; n =  61 (MDCK mytomycin C treatment) 
extrusions from 3 independent movies in 2 independent experiments; 
n =  85 (MCF10A) extrusions in 2 independent movies; n =  79 (HaCaT) 
extrusions in 2 independent movies. Scale bars, 10 µ m.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



Simplified conservation law 

V - velocity of the defect 
Discontinues flux of bacteria V0n
n= (cos(q), sin(q)), q=±j/2  topological ±½ defect 
j – polar angle   

c±(x, y, t) ! c±(x� V t, y)

�V @xc+ + V0rnc+ = �c+ � c�
⌧

+Dcr2c+

�V @xc� � V0rnc� = �c� � c+
⌧

+Dcr2c�

Additional boundary condition along the branch cut q=±p/2
Regularization removes discontinuity  



Analytical solution for t->0 
(small reversal time) 

no accumulation /depletion 

c1/2 ⇡ c0 +
⌧V 2

0 c0
8Dc

cos'

c�1/2 ⇡ c0 �
⌧V 2

0 c0
24Dc

cos 3'



Numerical solution
(large reversal time)  
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Fluorescence+ nematic director  



Comparison of theory and experiment 
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Tactoids and Turbulence
• Isotropic inclusions in nematic phase
• Shape, size, etc. is determined by interplay of tension on 

the I-N interface and elasticity of the nematic phase



Numerical implementation of tactoids
• Landau-de Gennes free energy:

ℱ = #$%! −
'
2):) +

,
4 ):) " +

.
2 /): /)

• Equilibrium amplitude of the OP:

0 = 1
'
2, , ' > 0, , > 0

0 = 0, ' < 0, , > 0

• Set 0 = 0 in I phase, 0 ≠ 0 in N phase
• Set normal to the surface parallel to the gradient of 

the OP

• Tactoids shape is dynamically adjusted
• Planar and homeotropic anchoring

Genkin, Sokolov, IA, NJP , 2018 



Enforcing the alignment 

• Typically, a planar alignment on the tactoid’s surface
• Alignment enforced by the Rapini-Papoluar condition 
(equivalent to Robin b.c.)

• q0 – easy direction
• w – strength of anchoring 
• s – surface energy 
• Here we introduce surface anchoring on the diffused 

interface via an external force Fexter



Numerical integration

!! = 0.2 !! = 0.5 !! = 0.6



Results

• Tactoids carry non-zero average topological charge 
• Strong fluctuations
• Topological charge first increases, then decreases 

with the bacteria concentration
• Topological charge increases with tactoid’s size

(a) (b) (c)

(d) (e) (f)



Different defect mobility→ charging

• Charging of tactoids due to different mobility of ±1/2 defects

• Topological	defects	with	the	same	sign	attract	and	
with	different	repel
• +1/2	defects	have	higher	mobility
• Potential	barrier	at	the	I-N	interface	
• #!, #" concentrations	of	+	and	– defects
• "!, "" proportional	to	bact concertation	c0

$$"! = &!$%%"! − $% −(& ) + +,
'

("! )&, - − "" )&, -
) − )& .)& "!

$$"" = &"$%%"" − $% −(& ) + +,
'

("" )&, - − "! )&, -
) − )& .)& ""



Asymptotic solution
• Steady-state	equation	for	HD:

!I"JJ#I − "J −%′ ' + )*
K

L#I '′ − #K
' − '′ +'′ #I

= 0

• Solution for weak interaction: ) = .)M,  #I = #KI +.#MI +⋯

0 = #K 1 − 2N/P% 1 − )
!I #Klog(7/7M)2

N/P%

• Describes both isotropic and nematic tactoids



Experimental Verification

• LC is quenched in the biphasic domain by 
rapid heating 

• Bacteria orientation is extracted from the 
microscopy images 

• 17 tactoids are processed 



Comparison with the theory
(a) (b)

(c) (d)



Pinning of active topological 
defects 

• Periodic array of artificial obstacles 
• Only negative defects are pinned 
• Positive defects freely move 



Combing bacterial turbulence   

Nishiguchi et al IA, Nature Comm 2018 

• 3D printed pillar arrays with different spacing 
• Two photon laser lithography system 

Nanoscribe, resolution 200 nm  
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Simulation results 



Simulation results 

-50 0 50

-80

-60

-40

-20

0

20

40

60

80 0

1

2

3

4

5

6

10-4

-50 0 50

-80

-60

-40

-20

0

20

40

60

80 0

0.2

0.4

0.6

0.8

1

1.2
10-3

0 20 40 60 80 100 120 140
d,  m

0

0.2

0.4

0.6

0.8

1

D
ef

ec
t c

on
ce

tra
tio

n,
 

 m
-2

10-3

Negative defects
Positive defects

A

C

B

0 50 100 150
d,  m

0

2

4

6

8

10

12

D
, 

 m
2 /s

D+, with tactoids
D-, with tactoids
D+, no tactoids
D-, no tactoids

D

-1/2 1/2

Radial PDF Diffusivity 



Formation of Polar Bacterial 
Jets

Taras Turiv, Runa Koizumi, Kristian Thijssen, Mikhail M. Genkin, Hao Yu, Chenhui Peng, 
Qi-Huo Wei, Julia M. Yeomans, Igor S. Aranson, Amin Doostmohammadi, Oleg D. Lavrentovich, Nature Physics 2020

Photo-patterned nematic: Arrays of C-stripes 



Director pattern

( ) ( )0ˆ cos / , sin / ,0y L y Lp p= -é ùë ûn

0, , 2 ,...y LL± ±=

3/ 2 / .., 2,.y LL= ± ±

Pure splay deformations are located at

Bend Deformations

.



Raw images of bacteria



Undulations for higher 
concentration 



Bacteria Condense in Polar Jets



Theoretical understanding:
two bacterial populations

( ) 2
0 ˆ ft c

c cv c c D cc
t

+ -
± ± ± ±-

Ñ× ±¶ + = ++ Ñn v !

• Infinite reversal time t
•Neglect fluid flow 
•Stationary solution 
•Very dilute suspension – no realigning effect 



Suppression one of the 
population

• Analytical result 

• c+ population is exponentially amplified 
• c- population is exponentially suppressed
• However, the peaks are not sharp  

c± = C ± exp ±
v0L
πDc

cos
π y
L

⎛

⎝⎜
⎞
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Less dilute suspension: 
realignment of director by bacteria 

∂t n̂ = −n̂× n̂× α n̂0 + γ F( )

0n̂ prescribed director    
active force created by bacteria 

s~cQ – active stress, Q – nematic OP 
=Ñ×F σ

Landau-Lifshitz equation ensures  2ˆ 1=n



Solution with sharp peaks
( ) ( )

( )

0 0 0

0 0

exp cos cos 2

cos 2
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W – Lambert W function 



Results of comp modeling 



Control of bacteria by spiral 
nematic vortices

Runa Koizumi, Taras Turiv, Mikhail M. Genkin, Robert J. Lastowski, Hao Yu, Irakli Chaganava, 
Qi-Huo Wei, Igor S. Aranson, Oleg D. Lavrentovich, PR Research 2020



Vortices and limit cycles 

• Prepatterned director: spiral with different pitch 
• Low concentration of bacteria – scattering from the 

center of the spiral 
• Higher concentration: limit cycles 
• Most stable cycles for the tilt angle 45o



Stable cycles 

f=25o f=25o f=75o
Low concentration High concentration 



Agent-based simulations 
• Bacteria swim with the speed V along the director 

• Bacteria realign the director

• Active  Force 

• Active stress

• Nematic tensor   
• K- elastic constant 
• f- shape of the bacterium 

( )B 0sin 2tq g f qé ù¶ = -ë û

( )s 0 act
ˆ ˆ ˆ ˆ ˆ2t a K¶ = - - D´ +´n n n n F ng

act act=Ñ×åF σ

( )act B f= -σ Q rl

B
ˆ ˆ / 2= -Q pp I



Function of the Number of Bacteria 



Function of the Tilt Angle 
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Summary:

- LLC exhibit coupling between activity and topology 

- Computational  model is in faithful agreement with experiment

- Experiments fully support our  theoretical predictions

- Bacteria accumulate in the cores of ½ defects and expelled from 
the cores of -½  defects 

- Asymmetric pinning 

- Control of bacterial motion by surface patterning  


