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We introduce and analyze a model for osmotically spreading bacterial colonies at solid-air interfaces that
includes wetting phenomena, i.e., surface forces. The model is based on a hydrodynamic description for
liquid suspensions which is supplemented by bioactive processes. We show that surface forces determine
whether a biofilm can expand laterally over a substrate and provide experimental evidence for the existence
of a transition between continuous and arrested spreading for Bacillus subtilis biofilms. In the case of
arrested spreading, the lateral expansion of the biofilm is confined, albeit the colony is biologically active.
However, a small reduction in the surface tension of the biofilm is sufficient to induce spreading. The
incorporation of surface forces into our hydrodynamic model allows us to capture this transition in biofilm
spreading behavior.
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Biofilms are macrocolonies of bacteria enclosed in an
extracellular matrix that form at diverse interfaces [1]. Cell
proliferation and matrix production by the bacteria result
in lateral spreading of the colony along the interface.
Surprisingly, during the osmotic spreading of biofilms on
moist solid (agar) substrates in contact with a gas phase, the
spreading is not driven by the active motility of individual
bacteria but hinges on the physicochemical properties of
the biofilm and the interfaces [2–4].Within this mechanism,
the biological production of polymeric matrix results in an
osmotic flux of water from the agar into the biofilm that
subsequently swells and spreads out. As the spreading
involves the motion of a three-phase contact line between
the viscous biofilm, the agar, and the gas phase, wetting
phenomena [5,6] are likely to play an important role. This
idea is supported by experiments that indicate a strong
dependence of biofilm spreading on their ability to produce
biosurfactants [7–13]. In this Letter, we present a modeling
approachwhich explicitly includes surface forces in order to
understand their role in biofilm spreading behavior.
To demonstrate the effect of surfactants, we perform

osmotic biofilm spreading experiments using a Bacillus
subtilis wild-type strain NCIB 3610 (WT) and a mutant
strain with deficient production of surfactin (ΔsrfAA)—a
natural biosurfactant produced by WT B. subtilis. Typically,
production is induced at a high cell density by cell-to-cell
communication (quorum sensing) [14,15] and plays a key
role in surface motility [16,17]. Bacterial suspensions and
agar substrates are prepared as described in Supplemental
Material [18]. Agar plates with an appropriate nutrient
medium are inoculated with a small droplet of the cell

suspension, and biofilm growth and spreading is sub-
sequently monitored. Figures 1(a) and 1(b) show the colony
of theWTand the mutant strain, respectively, after 3 days of
incubation.Growth curves and further images of days 1 and2
can be found in Ref. [18]. The WT in (a) expands with a rate
of 0.2 mm=h and forms circular biofilms with a diameter of
about 2 cm, whereas the mutant strain without surfactin in
(b) is not able to spread. The external addition of surfactin
shortly after agar inoculation hasno effect on the spreading of
theWTstrain [Fig. 1(c)] but restores aWTmorphology in the
surfactin-deficient strain [Fig. 1(d)]. The WT phenotype can

FIG. 1. Experimental observation of the influence of surfactants
on the transition between continuous and arrested biofilm
spreading. (a) The B. subtilisWT spreads laterally with a velocity
of 0.2 mm=h over the agar substrate, whereas (b) for the mutant
strain with deficient surfactin production (ΔsrfAA) spreading is
arrested. An external addition of the surfactants (c),(d) surfactin
or (e),(f) Tween 20 enables the mutant strain to spread but does
not affect the WT.
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also be recovered by adding the nonphysiological surfactants
Tween 20 [Figs. 1(e) and 1(f)] or Span80 (not shown), which
points at a physical role of surfactin in the spreading
mechanism.
To model the influence of wetting phenomena on biofilm

spreading, we supplement a hydrodynamic description of a
thin film of a biologically passive liquid suspension [19–21]
by biomass growth processes. In general, the aspect of
physical surface forces has up to now found only little
attention in the otherwise very rich literature concerning the
mathematical models for biofilms which are diverse in the
modeling approaches used and the processes considered (for
reviews, see, for example, [22–25]). The recently introduced
model [26] explicitly includes surface forces, i.e., wettability,
via aDerjaguin (or disjoining) pressure and capillarity via the
interface tensions. Similar thin film models without wetta-
bility influences are used to study early-stage biofilm growth
and quorum sensing [27], osmotically driven spreading [2],
and the effect of surfactant production on the spreading of a
bacterial colony up a non-nutritive wall [11].
Here, a biofilm of height hðx; y; tÞ is modeled as a

mixture of solvent (nutrient-rich water) and of biomass
(bacteria and extracellular polymeric matrix) with the
height-averaged biomass concentration ϕðx; y; tÞ (see
Fig. 2). The free energy functional that determines all
transport processes for the passive suspension is

F½h;ϕ� ¼
Z �

fwðhÞ þ hfmðϕÞ þ
γ

2
ð∇hÞ2

�
dA; ð1Þ

where γ is the biofilm-air surface tension and ∇ ¼
ð∂x; ∂yÞT is the planar gradient operator, while γSG and
γSL denote the solid-gas and solid-liquid interface energies.
A common choice for the wetting energy is [6,28]

fwðhÞ ¼ A

�
−

1

2h2
þ h3p
5h5

�
; ð2Þ

which combines destabilizing long-range van der Waals
and stabilizing short-range interactions. Here, hp denotes
the height of a thin wetting layer and

A ¼ 10

3
h2pðγ − γSG þ γSLÞ ð3Þ

is theHamaker constant, here expressed through the interface
energies. For a partially wetting biofilm-substrate-air combi-
nation, minimizing Eq. (1) gives the coexistence of a wetting
layer of height hp with steady droplets of equilibrium
contact angle cos θeq ¼ 1þ fwðhpÞ=γ ¼ ðγSG − γSLÞ=γ,
equivalent to the Young-Dupré equation [5]. The film bulk
contribution

fmðϕÞ ¼
kBT
a3

½ϕ lnðϕÞ þ ð1 − ϕÞ lnð1 − ϕÞ� ð4Þ

represents the entropic free energy of mixing of the solute
and solvent.We assume, for simplicity, that the biomass and
solvent are represented by the same microscopic length a.
kBT denotes the thermal energy.
The passive convective flux jconv and diffusive flux jdiff

are derived by applying a variational principle to the free
energy (1) (for details, see [21,26]):

jconv ¼
h3

3η
∇ðγΔh − ∂hfwÞ; ð5Þ

jdiff ¼ −Ddiffhϕ∇ð∂ϕfmÞ: ð6Þ
The composition-dependent viscosity η of the biofilm
[29–31] is given by η ¼ ð1 − ϕÞη0 þ ϕηb, where η0 and ηb
denote the viscosity of the solvent and biomass, respectively.
The biomass diffusivity isD ¼ ða2=6πηÞ, consistentwith the
diffusion constant Ddiff ¼ DðkBT=a3Þ ¼ ðkBT=6πaηÞ.
The biomass multiplies by consuming nutrient-rich

water following a bimolecular reaction gϕð1 − ϕÞ with
the growth rate constant g. To account for processes such as
nutrient and oxygen depletion [3,32], we introduce a
limiting biomass amount ϕeqh⋆ that corresponds to the
maximum which can be sustained per substrate area. It is
related to the thickness for which nutrient diffusion and
consumption of nutrients by the bacteria throughout the
vertical profile of the film equilibrate [27]. We assume a
simple logistic growth law

Gðh;ϕÞ ¼ gϕð1 − ϕÞ
�
1 −

hϕ
ϕeqh⋆

�
fmodðh;ϕÞ; ð7Þ

where fmodðh;ϕÞ modifies the growth law locally for very
small amounts of biomass as defined in Ref. [33]. It ensures
that at least one bacterial cell is needed for cell division and,
thus, proliferation of biomass does not take place in the
wetting layer.
Since the biomass cannot diffuse into the agar, biomass

growth creates an osmotic imbalance between the biofilm
and the agar. We assume that the agar constitutes a large
reservoir of nutrient-rich water at a constant osmotic
pressure μagar, corresponding to an equilibrium water
concentration ð1 − ϕeqÞ in a flat biofilm. The osmotic

FIG. 2. Sketch of the osmotically driven spreading of a biofilm
with the height profile hðx; tÞ. Osmotic pressure gradients are
generated as bacteria consume water and nutrients to produce
biomass via bacterial proliferation and matrix secretion, which is
described by the growth term Gðh;ϕÞ. This causes an osmotic
influx of nutrient-rich water ζðh;ϕÞ from the moist agar substrate
into the biofilm.
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pressure in the biofilm, defined as the negative of the
variation of the free energy (1) with respect to the height h
at a fixed number of osmotically active particles hϕ, is
given by

μs ¼ −
δF½h;ϕ�

δh
þ ϕ

h
δF½h;ϕ�

δϕ

¼ −∂hfw − fm þ ϕ∂ϕfm þ γΔh: ð8Þ
The osmotic flux of water between the agar and biofilm
depends linearly on the osmotic pressure difference,
ζðh;ϕÞ ¼ Qosmðμs − μagarÞ, with Qosm being a positive
mobility constant.
Biomass growth and osmotic flux are incorporated into

the model as two nonconserved terms Gðh;ϕÞ and ζðh;ϕÞ,
which results in the following evolution equations for the
effective layer thicknesses of liquid h and biomass hϕ:

∂th ¼ −∇ · jconv þ ζðh;ϕÞ; ð9Þ
∂tðhϕÞ ¼ −∇ · ðϕjconv þ jdiffÞ þ hGðh;ϕÞ: ð10Þ

Note that the conserved part of the dynamics can also be
given in gradient dynamics form [21,26,34].
To facilitate the model analysis, we introduce vertical

and horizontal length scales l ¼ hp and L ¼ ðγ=κÞ1=2l,
respectively, with l ≪ L, the time scale τ ¼ L2η0=κl, and
the energy scale κ ¼ kBTl=a3. This gives dimensionless
growth rate ~g ¼ gτ, osmotic mobility ~Qosm ¼ Qosmτκ=l2,
and wettability parameter

W ¼ A
κl2

¼ A
kBT

a3

l3
ð11Þ

that measures the relative strength of the wetting energy
[35] as compared to the entropic free energy of mixing.

Larger values of W correspond to a less wettable substrate
and result in larger equilibrium contact angles.
Throughout the analysis, we fix the maximal amount

of biomass that can be sustained by the substrate to
h⋆ϕeq ¼ 60, the equilibrium water concentration to
ð1 − ϕeqÞ ¼ 0.5, and the ratio of the viscosities of biomass
and fluid to ηb=η0 ¼ 10 000 [36]. The biofilm spreading
behavior is studied depending on the growth rate ~g, the
wettability parameter W, and the osmotic mobility ~Qosm.
Comparing with the typical biofilm height of 400 μm
measured in Refs. [3,37–39] and using the viscosity and
surface tension of water (η0 ¼ 10−3 Pa s, γ ¼ 70 mN=m)
as well as the typical solvent or biomass length scale
a ¼ 50 nm, this results in the vertical length scale
l ¼ hp ¼ 3 μm, the lateral length scale L ¼ 85 μm, and
the time scale τ ¼ 0.02 s. With the above scales, a
dimensionless expansion rate of 10−5 corresponds to a
speed of 0.1–0.2 mm=h, which compares well with our
measured expansion rate of 0.2 mm=h (see Fig. 2 in
Ref. [18]). A wettability parameter W ¼ 8 corresponds
to an equilibrium contact angle of 5°, comparable to the
dynamic contact angle measured in Ref. [3]. We analyze
Eqs. (1)–(10) for a two-dimensional geometry (biofilm
ridges instead of circular colonies) with no-flux boundaries
employing numerical time simulations (finite element
modular toolbox DUNE-PDELAB [40,41] as previously
used in Refs. [26,34] and described in more detail in
Ref. [18]) and continuation techniques [42] (software
package AUTO-07P [43]).
Our model (1)–(10) reproduces the nonequilibrium

transition between continuously spreading biofilms and
arrested spreading: On the one hand, at relatively high
wettability (lower W, Fig. 3 [top (a)] and [top (b)]), the
biofilm initially rapidly swells vertically and horizontally
until a stationary film height is reached. Subsequently, it

FIG. 3. Comparison of continuously spreading biofilms (top row, at W ¼ 8) and arrested spreading of biofilms (bottom row, at
W ¼ 12). (a) Height profiles taken at equidistant times. (b) Time evolution of the biofilm extension rðtÞ (solid black line) measured at
the inflection point of the height profile and of the maximal film height hmaxðtÞ (solid blue line). (c) Bioactivity and osmotic influx for
biofilms at a late time when all transients have decayed. The shading within the film indicates the bioactivity Gðh;ϕÞ. The direction and
strength of the effective osmotic flux ζðh;ϕÞ are represented by the direction and thickness of the blue arrows below the biofilm. Note
that a time lapse of 106τ corresponds to ≈5 h. Remaining parameters are ~g ¼ 2 × 10−5 and ~Qosm ¼ 0.01.
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spreads only horizontally with a constant speed and shape
of the biofilm edge. This qualitatively reproduces common
experimentally observed behavior [2,4]. Figure 3 [top (c)]
shows a snapshot of a spreading biofilm at a late time when
all transients have decayed. Far from the advancing edges,
the biofilm has reached the limiting amount of biomass, and
the biomass concentration corresponds to the equilibrium
value ϕeq so that all bioactive processes are in a dynamical
equilibrium. At the edges, biomass growth takes place and
causes an osmotic imbalance that results in a strong influx
of water into the biofilm.
On the other hand, at lower wettability (larger W, Fig. 3

[bottom (a) and (b)]), biofilm spreading is arrested. Again,
the biofilm initially rapidly swells; however, in contrast to
the case of higher wettability, it soon evolves towards a
steady profile of fixed extension and contact angle. Note
that the steady biofilm drops are still bioactive–Fig. 3
[bottom (c)] shows that biomass is being produced at the
biofilm edges where G > 0 and is degraded at the center
where G < 0, as there the biomass exceeds the limiting
amount ϕeqh⋆. This is possible, as hydrodynamic and
diffusive fluxes within the biofilm and osmotic fluxes
between the agar and biofilm rearrange biomass and water
such that their profiles are stationary. The spreading
behavior in dependence of wettability parameter W and
the biomass growth rate ~g is summarized in the non-
equilibrium phase diagram presented in Fig. 4. At constant
~g, corresponding, e.g., to a specific bacterial strain, spread-
ing of the biofilm is arrested at low wettability (a high value
of W). However, as adding a surfactant lowers the biofilm
surface tension and, consequently, the parameter W ∼ γ
[cf. Eqs. (3) and (11)], it can trigger a transition from a
biofilm with arrested spreading to a continuously spreading
biofilm—in agreement with the experimental results in
Fig. 1 and Ref. [8].
This transition only slightly depends on the osmotic

mobility ~Qosm (see Fig. 4), and one may consider the
limiting case of an instantaneous osmotic solvent transfer
between the agar and biofilm (i.e., ~Qosm ≫ 1). There, the
model reduces to a one-variable model for the evolution of
the biofilm height [44] and still reproduces all relevant
experimental features. Even for this infinitely fast osmosis,
the parameter region of arrested spreading is only slightly
smaller than for finite ~Qosm. This indicates that thermody-
namic forces (surface forces, entropic forces) rather than
time scales of transport and bioactive processes are dom-
inant in the determination of the transition between steady
and laterally expanding biofilms.
In summary, we have presented a simple model for the

osmotic spreading of biofilms that grow at solid-air
interfaces. The model adds bioactive processes into a
hydrodynamic approach and explicitly includes wetting
effects. In consequence, it has allowed us to study the
interplay between biological growth processes and passive
surface forces. Our results have confirmed within a

thermodynamically consistent framework that wetting
crucially affects the spreading dynamics of biofilms and
has therefore provided a qualitative understanding of the
experimentally observed transition between arrested and
continuous spreading that occurs upon the addition of
external surfactants in a surfactin-deficient B. subtilis strain.
Our framework focuses on the description of the influ-

ence of surface tension and wetting properties on the
spreading behavior of biofilms and neglects many proc-
esses that become important in mature colonies, such as cell
differentiation or vertical gradients within the film.
However, it is well suited to model the dynamics of the
spreading biofilm edge. In future extensions, one may
incorporate the autoproduction and dynamics of surfactants
in the biofilm to consistently study the influence of
Marangoni flows on the spreading dynamics [7,9,11]. As
such flows are known to cause fingering instabilities in
spreading surfactant-covered droplets [45], these mecha-
nisms should be explored in connection to the branched
structure described for some biofilm colonies. Furthermore,
the modeling approach may easily be expanded to other
setups such as biofilms that form at a liquid-solid inter-
face under confinement as occurring in many practical
applications [25].

We thank the lab of R. Losick at Harvard University
for bacterial strains, the DAAD, Campus France (PHC
PROCOPE Grant No. 35488SJ), and the CNRS (Grant
No. PICS07343) for financial support. LIPhy is part of
LabEx Tec 21 (Invest. l’Avenir, Grant No. ANR-11-
LABX-0030).

spreading

spreading

addition of
surfactant

arrested

continuous

FIG. 4. Spreading behavior of the biofilm in the ~g-W parameter
plane for various values of the osmotic mobility ~Qosm as indicated
in the legend. In the shaded regions, biofilm spreading is arrested;
i.e., it reaches a steady profile, while outside of this region, lateral
spreading is not limited. The inset gives the dependence of
spreading speed v on wettability W for ~g ¼ 2 × 10−5 and
~Qosm ¼ 0.01. A speed of v ¼ 10−5 corresponds to an actual
spreading speed of 0.1–0.2 mm=h, comparable to the experiment
in Fig. 1 and in Ref. [2] (scale bar, 5 mm).
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