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Collective chemotaxis plays a key role in the navigation of cell clusters in e.g. embryogenesis and cancer
metastasis. Using the active nematic continuum equations, coupled to a chemical field that regulates activity, we
demonstrate and explain a physical mechanism that results in collective chemotaxis. The activity naturally leads
to cell polarisation at the cluster interface which induces outwards flows. The chemical gradient then breaks the
symmetry of the flow field, leading to a net motion. The velocity is independent of the cluster size in agreement
with experiment.

Introduction: Chemotaxis denotes the movement of a
motile cell in the direction of an increasing or decreasing
chemical gradient. It is one of the main mechanisms that
provides cells with a sense of direction in a complex envi-
ronment. There is now considerable evidence that aggregates
of cells can also chemotax, a phenomenon termed collective
chemotaxis [1–5]. For example, lymphoid, endothelial, glial
and neural crest cells have all been shown to move collec-
tively along chemical concentration gradients [6–9]. Collec-
tive chemotaxis plays a vital role in biological processes such
as embryogenesis and cancer metastasis [1, 10].

Surprisingly, the behaviour of chemotaxing clusters can
be distinct from single-cell chemotaxis. Experiments have
demonstrated that clusters of cells can chemotax as a collec-
tive, regardless of whether the constituent cells are capable
[7, 8] or incapable [1] of responding to a chemical gradient.
Moreover there is strong evidence for the importance of cell-
cell junctions [1, 4]. This suggests that cluster chemotaxis is
an emergent phenomenon, and cell and agent-based numer-
ical models have been used to suggest generic mechanisms.
Examples include flocking models, coupling chemokine gra-
dients to contact inhibition of locomotion and considering
chemical signalling between cells [11–14].

Recently there has been widespread interest in interpreting
the dynamics of cell colonies in terms of the properties of ac-
tive nematics [15, 16]. Examples include motile topological
defects in both colonies of spindle-shaped cells and in epithe-
lial sheets, strong vorticity correlations in cell monoloyers,
and spontaneous unidirectional flow in confinement [17–20].
Building upon these ideas we couple the hydrodynamic active
nematic equations of motion, which capture the physics of a
confluent layer of self-propelling cells at the coarse-grained
level, to a dynamically evolving chemical field. Allowing
the cell activity to depend on the local concentration of the
chemoattractant, we show that cell clusters move up a chemi-
cal gradient. We argue that the mechanism driving the chemo-
tactic response is the activity-driven alignment of cells on the
cluster boundary, and show that the model reproduces experi-
mental results.
Model: Our aim is to model the dynamical behaviour of a cell
colony in the presence of a diffusing chemical species that
controls the local activity and is adsorbed by the cells. We
use a continuum approach, and describe the cell colony as a
two-dimensional active nematic [18]. The governing hydro-

dynamic equations couple four variables; Q and u which de-
scribe the local nematic order and velocity of the cells, the cell
concentration, φ, which allows the position of the colony to be
tracked, and C, the concentration field of the chemoattractant.

In two dimensions the nematic order parameter tensor Q is
related to the coarse-grained average of the local director, n,
by Q = S (nn − I/2) where S is the magnitude of the nematic
order. The dynamics of Q is governed by the equation,

(∂t + u · ∇) Q − S = ΓQH, (1)

where S = λE− (Ω ·Q−Q ·Ω) is a generalised advection term
characterising the response of the nematic tensor to velocity
gradients. Here, E = (∇u + ∇uT )/2 is the strain rate tensor,
Ω = (∇uT − ∇u)/2 the vorticity tensor, and λ is the align-
ment parameter. ΓQ is a rotational diffusivity and the molec-
ular field H = − δF

δQ + ∇ · δF
δ∇Q , models the relaxation of the

orientational order to the minimum of the free energy density,

F = Aφ (φ)2 (1 − φ)2+Kφ (∇φ)2+B(φ−S 2)2+KQ (∇Q)2 . (2)

The variable φ distinguishes the region occupied by the
active nematic (φ = 1) and the surrounding isotropic fluid
(φ = 0). The term in Aφ results in phase ordering into two
states with φ = 1 and φ = 0, and Kφ > 0 represents the surface
tension that stabilises the interface between them. The term in
B slaves S to φ so that the state with φ = 1 has S = 1 and is
nematic, whereas that with φ = 0 has S = 0 and is isotropic.
The last term in Eq. (2) assigns a free energy to distortions of
the nematic order, assuming a single elastic constant KQ.
φ is a conserved variable which evolves in time according

to the Cahn-Hilliard equation,

∂tφ + ∇ · (uφ) = Γφ∇
2µ, (3)

where Γφ is a mobility and µ = δF
δφ

is the chemical poten-
tial. The form of the left-hand side of Eq. (3) ensures that the
colony responds to local flow fields.

We assume that the cells and surrounding fluid phase have
the same viscosity and can be modelled as incompressible flu-
ids of density ρ. The fluid velocity u obeys the equations

∇ · u = 0, ρ(∂t + u · ∇)u = ∇ ·Π, (4)

where Π is the stress tensor which includes the usual viscous
stress, elastic stresses and a capillary term,

Πviscous = 2ηE, (5)
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FIG. 1. Snapshots of the active colony at time-steps (a) 250,000 (b) 1,000,000 (c) 2,000,000. The colony is depicted in orange, with the
corresponding director field n shown by the white dashes. The underlying colourmap represents the chemical concentration. (d)-(f) Magnified
view of the section of the box outlined by red dashes in (b): (d) Coefficient of the active stress ζCφS . (e) Director field n inside the colony. (f)
Magnitude of the velocity field, with the flow direction shown by the black arrows.

Πelastic = − PI − λH + Q ·H −H ·Q − ∇Q
δF

δ∇Q
, (6)

Πcap = (F − µφ)I − ∇φ(
δF

δ∇φ
), (7)

respectively, where η is the viscosity and P = ρ/3 is the bulk
pressure.

Of particular relevance here is the active contribution to the
stress tensor,

Πactive = −ζCφQ, (8)

which is non-zero only within the cell colony. ζ is a measure
of the strength of the activity. ζ > 0 and ζ < 0 correspond
to an extensile or a contractile system respectively [16]. To
couple the chemoattractant to the colony dynamics we assume
that the active stress is proportional to the local concentration
of the chemical field, C. In what follows we shall refer to ζ,
which is constant in space and time, as the activity and ζCφS ,
which varies within the colony and in time, as the active stress.

Lastly we write down a convection-diffusion equation for
C:

∂tC + ∇ · (uC) = ΓC∇
2C − αCCΘ(φ − 0.6), (9)

where ΓC is the diffusion coefficient of the chemical field. The
final term in Eq. (9) describes depletion of the chemical at a

rate controlled by αC . Θ(x) is a step function, equal to zero
for x ≤ 0 and unity for x > 0 which ensures that depletion is
restricted to within the cell layer.

The equations were solved on a lattice of size 260 in the x-
direction by 300 in the y-direction (Fig. 1). A circular cluster
of cells with φ = 1 was initialised near the centre of the sim-
ulation box. The components of Q were initialised randomly
and u was set to zero. Neumann boundary conditions were
chosen for the φ-field and Q tensor, and free-slip boundary
conditions were selected for the velocity field. However these
are unimportant because the fluid at the walls is isotropic and
passive and any velocities near the walls are insignificant. The
chemical concentration field C was set to zero everywhere ex-
cept along y = 300 where it was set to 1. It was allowed to
diffuse out of the box at y = 1, for all x by setting the value
of the field at the wall nodes such that the gradients at a wall
node and its nearest neighbour were equal. Reflection bound-
ary conditions were used for C at x = 0 and x = 260. The
simulations were run for an initial 150,000 time steps after
which the initialisation dynamics had relaxed, the colony had
radius r, and the chemical field was in dynamic equilibrium.
Data for the active colony was then collected for 2,000,000
timesteps.

We solved the equations of motion using a hybrid lattice
Boltzmann method. Eqs. (1), (3) and (9) are solved using a
predictor corrector method and Eq. (??) using a lattice Boltz-
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FIG. 2. Trajectories of the cluster centre-of-mass, for (a) ζ = 0.008
(b) ζ = −0.008 in a chemical field gradient. (c) ζ = 0.001 (d)
ζ = −0.001 in a static homogenous chemical field. The values of
ζ are adjusted in (c), (d) compared to (a), (b) to allow for the higher
concentration of chemoattractant in the latter case.

mann algorithm [21, 22]. The parameters used are ΓQ = 0.3,
Γφ = 0.2, ΓC = 0.15, Aφ = 0.1, B = 0.001, Kφ = 0.1,
KQ = 0.0005, αC = 0.005, λ = 0.3, ρ = 40, η = 1

6 . The
control parameters in the simulations are the cluster radius r
which takes values from 27 to 71 lattice sites and the activity
ζ which varies from −0.02 to 0.02.
Trajectories of Chemotactic Clusters: The dynamics of a
cluster with radius r = 45 and ζ = 0.008 is illustrated in
Fig. 1. Panels (a), (b) and (c) correspond to snapshots at times
250,000, 1,000,000 and 2,000,000 respectively, with the un-
derlying colourmap showing the chemical concentration field.
The cell colony is clearly moving in the direction of increasing
concentration. Figs. 1(d)–(f) enlarge the area outlined in red
in panel (b). The active stress, ζCφS , is plotted in Fig. 1(d)
indicating that it is only significant at the top of the cluster,
differing by an order of magnitude between the top and bot-
tom because of the adsorption of the chemoattractant by the
cells. The director field n can be seen more clearly in subfig-
ure (e). Finally, a snapshot of the magnitude and direction of
the flow field is presented in Fig. 1(f). Note that the net mo-
tion towards the chemical source persists despite the apparent
chaotic nature of the flows.

The trajectories of the centre-of-mass of the colony, for
10 different initial conditions, are compared in Fig. 2(a)
(Fig. 2(b)) for an extensile (contractile) active nematic, with
ζ = 0.008 (ζ = −0.008). In all cases there is a net mo-
tion of the cells towards the chemical source, demonstrating
that the colony is chemotactic for both extensile and contrac-
tile activity. For comparison we compare trajectories for the
case where the chemical concentration is constant across the
colony for extensile (Fig. 2(c)) and contractile (Fig. 2(d)) driv-
ing. Here the colony does not move in any preferred direction.

To quantify the efficiency of chemotaxis it is customary
to use the chemotactic index, defined as the ratio of the dis-
placement of the cluster centre-of-mass in the direction of the
chemical source, y, to the total length of its trajectory. This
varies from 0 for random motion to 1 for directed motion to-
wards the chemical source. The chemotactic indices averaged
over the trajectories in each frame of Fig. 2 are 0.84, 0.78, 0.0
and 0.03 for Figs. 2(a), (b), (c) and (d) respectively.

While the extensile and contractile colonies have simi-
lar chemotactic indexes, it is apparent from Fig. 2 that the
extensile systems tend to move further than the contractile
ones. The average rms velocity of the cluster centre-of-mass
was 0.46 × 10−4 for the extensile active clusters compared
to 0.37 × 10−4 for the contractile clusters (simulation units).
This is a consequence of extensile active nematics generating
stronger flows than contractile ones for the same value of the
activity [23].

At this point, it is clear that the active colonies exhibit
chemotaxis, but it is not obvious why this is the case. Next,
we explain the physics underpinning this behaviour.
Mechanism: The director field of an extensile active nematic
preferentially aligns tangentially to the boundary of a colony,
whereas that of a contractile system tends to align radially
[24]. This effect, which has been termed active anchoring,
holds in the absence of any thermodynamic interface anchor-
ing. Indeed radial cell polarization has been reported at the
boundaries of cell colonies undergoing chemotaxis, suggest-
ing that these systems can be described as contractile active
nematics [1, 7, 8].

The mechanism for active anchoring can be explained by
considering the force density that arises from the active stress,
∇(−ζCφQ). Denoting the unit normal to the surface by m, the
force density is

Factive = ζ{σ((m ·n)n−
1
2

m)−S Cφ(n(∇·n) + (n ·∇)n)} (10)

where σ = |∇S |φC + S |∇φ|C − Sφ|∇C|. Defining l as the
unit-vector perpendicular to m, the first term on the r.h.s. of
Eq. (10), which dominates at the interface, leads to a force
density acting along the colony surface Factive

||
= ζσ(m·n)(l·n).

This force is zero only when the director n is normal or par-
allel to the surface. Otherwise it induces flows which realign
n tangentially or radially for extensile or contractile clusters
respectively [24].

Fig. 3(a)-(d) illustrates the active anchoring. Panel (a) is a
snapshot showing that the director field of an extensile clus-
ter tends to lie parallel to the surface. Panel (b) contrasts a
contractile system where the director prefers to lie normal to
the surface. To quantify the active anchoring Fig. 3(c) and
(d) shows the corresponding normalised, time-averaged his-
togram of the angle between n and m.

The surface anchoring propagates into the bulk because of
elastic forces. This means that the distortions near the in-
terface are preferentially bend-like in extensile systems and
splay-like in contractile ones. In both cases this results in
outwards radial flow (Fig. 3(e) and (f)). Since the concen-
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FIG. 3. Active alignment of the director at the surface of an active
cluster: (a) extensile activity which results in parallel alignment, (b)
contractile activity leading to normal alignment. Time-averaged, nor-
malised histogram of the angle between the director and the surface
normal, θn − θm for (c) extensile activity, ζ = 0.008, (d) contractile
activity, ζ = −0.008. Schematic illustration of the flow field (red ar-
rows) resulting from (e) a bend distortion in the director field of an
extensile active nematic, (f) a splay distortion in the director field of
a contractile active nematic.

tration of the chemoattractant is higher, and hence the active
stress larger, in the part of the colony closest to the chemi-
cal source, the outward flows will be stronger there giving the
imbalance that moves the colony up the chemical gradient.
(These flows dominate those which arise from the σ-term in
Eq. (10), which are directed inwards and so would act to make
the cluster chemorepulsive.)

We next discuss quantitative results. Fig. 4(a) plots the rms
velocity Vrms of the centre of mass of a cluster of radius r = 60
against the activity for both contractile and extensile clus-
ters. The cluster position is measured at intervals of 5 × 104

timesteps, and each data point is the result of averaging over
ten independent simulations. Fig. 4(b) shows that the chemo-
tactic index is approximately independent of the activity, and
close to unity, indicating that the flows are well-aligned by the
active anchoring.

Given we take a continuum approach our model is relevant
to large, well connected clusters. Experiments using malig-
nant lymphocyte cells [8] have shown that sufficiently large
clusters chemotax with a velocity independent of their area
in agreement with the dependence found here. However, the

FIG. 4. (a) Root mean square velocity Vrms of the cluster centre-
of-mass as a function of activity, ζ. (b) Chemotactic index, C.I., as
a function of ζ. (c) Vrms as a function of cluster radius r. (d) C.I.
as a function of r. Blue (red) symbols denote extensile (contractile)
activity.

experimental situation is far from clear. In [8] chemotaxis is
seen only above a threshold size of 20 cells and in [1] neu-
ral crest cells are shown to chemotax even if they only have
transient contact with their neighbours.

The chemotactic index, however, increases with cluster size
but levels off as the cluster radius increases (Fig. 4(d)). This
is because the flows in the smaller clusters show larger fluc-
tuations. In particular the smallest clusters undergo obvious
periods of rotation. This rotational motion can be explained
by noting the tendency of the activity to drive flow vortices
at a length scale commensurate with the size of these clus-
ters [22, 25]. Similar behaviour has been observed for small
clusters of lymphoid cells [8] allowing a mapping between
simulation and physical parameters. In the experiments clus-
ters with radius ≈ 30µm undergo periods of rotation for about
60 seconds. In the simulations the corresponding values are
40 lattice units and 105 time steps. This maps the simulation
value Vrms ≈ 10−4 in lattice units on to Vrms ≈ 10−1µm min−1

in physical units which is in agreement with typical chemo-
tactic velocities measured in experiments [1, 6, 8].

Several mechanisms that can lead to collective chemotaxis
have been proposed in the literature. These include chem-
ical or mechanical interactions between cells initiated by a
chemical gradient [5, 13], a coupling between contact inhi-
bition of locomotion and a chemoattractant [12], and the ex-
istence of leader cells at the cluster rim that have a strong
chemotactic response [8]. Here we show that interpreting a
cell cluster as an active nematic leads naturally to collective
chemotaxis. Active stresses give a net alignment of cells on
the cluster surface, and the alignment propagates into the bulk
resulting in stresses which drive flows directed outwards. If
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the strength of the activity depends on the local chemoattrac-
tant concentration, a chemical gradient results in unbalanced
forces and hence motion up the gradient. Radial polarisation
of cells at an interface has been observed in experiments, and
the model explains this as arising from the contractile forces
exerted by the cells [1, 2, 6–8, 26]. Moreover the model re-
produces the experimental observation that the net speed of
chemotaxing clusters is independent of their size. This ex-
planation of collective chemotaxis could be tested further by
studying the shapes of cells in a chemotaxing cluster in more
detail, by investigating the flow fields in the clusters, and by
measuring the dependence of the chemotactic index and clus-
ter speed on the magnitude of the active stress, which can be
varied by changing the concentration of the chemoattractant.
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