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Mapping of Bacterial Biofilm Local Mechanics by Magnetic Microparticle
Actuation
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TInstitut Curie, Centre de Recherche, Paris, France, and CNRS, UMR168, Paris, France; *Institut Pasteur, Unité de Génétique des Biofilms,
Département de Microbiologie, Paris, France; and SUPMC, Paris, France

ABSTRACT Most bacteria live in the form of adherent communities forming three-dimensional material anchored to artificial
or biological surfaces, with profound impact on many human activities. Biofilms are recognized as complex systems but their
physical properties have been mainly studied from a macroscopic perspective. To determine biofilm local mechanical properties,
reveal their potential heterogeneity, and investigate their relation to molecular traits, we have developed a seemingly new micro-
rheology approach based on magnetic particle infiltration in growing biofilms. Using magnetic tweezers, we achieved what
was, to our knowledge, the first three-dimensional mapping of the viscoelastic parameters on biofilms formed by the bacterium
Escherichia coli. We demonstrate that its mechanical profile may exhibit elastic compliance values spread over three orders of
magnitude in a given biofilm. We also prove that heterogeneity strongly depends on external conditions such as growth shear
stress. Using strains genetically engineered to produce well-characterized cell surface adhesins, we show that the mechanical
profile of biofilm is exquisitely sensitive to the expression of different surface appendages such as F pilus or curli. These results
provide a quantitative view of local mechanical properties within intact biofilms and open up an additional avenue for elucidating

the emergence and fate of the different microenvironments within these living materials.

INTRODUCTION

Biofilms constitute a widespread bacterial lifestyle and their
development on natural and man-made surfaces have a pro-
found impact on many human activities (1). In addition to
having positive roles in bioprocess engineering, such as
wastewater treatment and soil bioremediation, bacterial bio-
films formed on industrial surface or in-dwelling medical
devices are difficult to eradicate and therefore cause severe
nuisances. In addition to these practical issues, development
of three-dimensional biofilm structures also raises exciting
fundamental questions. Indeed, biofilms exhibit several
distinct features compared to planktonic cell populations
like gene expression and bacterial metabolisms’ alteration
or transient multifactorial tolerance to most biocides (2).
Hence, understanding and controlling the mechanisms
underlying the emergence of biofilm-specific properties is
a significant socio-economic issue and a major focus of
contemporary fundamental microbiology.

In this context, several groups have recognized the impor-
tance of a relevant description of biofilm mechanical
properties and have implemented various approaches,
including the following: observation of biofilm streamer
deformation as a function of fluid flow rates (3,4), uniaxial
compression of biofilm fragments (5,6), shear of biofilm
collected from the environment and then transferred to
a parallel plate rheometer (7,8), atomic force spectroscopy
using a glass bead and coated with a bacterial biofilm
attached to an AFM cantilever (9), and a dedicated microcan-
tilever method for measuring the tensile strength of detached
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biofilm fragments (10,11). Results indicated that biofilms
are viscoelastic liquids or solids, depending on the amplitude
of the applied stress and on the timescale of the experiment.
These approaches provided a better understanding of biofilm
macroscopic response to external stress. However, due to the
variety of technical approaches and experimental conditions,
values for biofilm elastic modulus or viscosity differed by
several orders of magnitude. Moreover, very few studies
have investigated the link between biofilm physical parame-
ters and molecular properties expressed by biofilm microor-
ganisms, and no clear conclusion has emerged. Contradictory
results are reported concerning the effects of bacterial surface
lipopolysaccharides on biofilm stiffness (9,12).

Above all, although biofilms are characterized by remark-
able temporal and spatial heterogeneity in terms of biomass
distribution, chemical and molecular gradients, and division
rates (13—15), there are almost no data on spatial mapping of
intact biofilm mechanical properties. Furthermore, many
results were obtained on biofilm fragments or on biofilms
removed from their native developing environment, which
very likely caused blurring of information on intact biofilm
properties. As a consequence, the impact of physical param-
eters encountered by bacteria on biofilm development and
properties is currently unknown.

Here we present a microrheology study designed to
measure bacterial biofilm mechanical properties at the
micron scale in order to reveal spatial distribution of biofilm
viscoelastic parameters. For this purpose, we developed
a strategy for sowing micrometric magnetic particles in
growing biofilms formed by an Escherichia coli bacterium
expressing F-conjugative pili adhesion factors. We then
built dedicated magnetic tweezers to remotely actuate the
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particles within the biofilm. Using this additional tool, we
carried out three-dimensional mapping of the viscoelastic
parameters of E. coli biofilms grown under different condi-
tions and studied the influence of a defined molecular factor
expressed by biofilm upon the mechanical profile using
a different strain of E. coli constitutively expressing curli,
an adhesion factor.

Our results therefore provide, to our knowledge, the first
realistic and quantitative view of local mechanical proper-
ties at the micron scale within intact biofilms and pave the
way for examining the link between biofilm mechanical
and molecular properties.

MATERIALS AND METHODS
Bacterial strains and growth conditions

Bacterial strain MG1655¢gfpF carries a derivative of the F-conjugative
plasmid (F'tet) and produces F pili at its surface. Constitutive curli
producers (MG1655gfpompR234) were obtained by transducing, into
gfp-tagged MG1655, the ompR234 mutation as in Vidal et al. (16). Both
strains were grown in lysogeny broth medium and in defined M63B1
medium with 0.4% glucose (M63B1Glu) in the presence of ampicillin at
100 ug/mL or tetracycline 7.5 ug/mL at 37°C or 30°C for curli experiments.

Biofilm growth and particle insertion

Biofilms were grown in a flow chamber made of a glass (borosilicate)
square, 800-um internal-side and 160-um wall-thickness capillaries
(Composite Metal Services, Shipley, UK), under continuous flow using
a syringe push-pull pump. Flow rates were kept between 0.1 and 5 mL/h
to generate a laminar flow (Reynolds number <2) and wall shear stress
was kept between 4.4 x 10~* and 2.2 x 1072 Pa. Exponentially growing
bacteria were introduced at optical density, OD = 0.05, at the same time
as the magnetic particles (Dynabeads M-270 Amine; Invitrogen, Carlsbad,
CA), 2.8 um in diameter at a final concentration of 2.5 x 10%mL. The
mixed suspension was allowed to sediment under static conditions for 1 h
before starting the flow for the entire growth period.

Magnetic tweezers

The magnetic setup consisted of two magnetic poles, each made of a copper
coil with 2120 turns of 0.56 mm in diameter copper wire and soft magnetic
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alloy cores (Supra 50; ArcelorMittal, Strasbourg, France). We shaped
square poles instead of pointed ones to avoid excessive concentration of
the field lines and maintain an almost constant field gradient in the zone
of particle actuation. The two cores were mounted on an inverted TE-300
microscope (Nikon, Melville, NY) with a 1.7-mm gap, north pole facing
south pole, to generate a magnetic force in one direction along the length
of the capillary. The experimental setup is shown in Fig. 1 A. The coil
current was produced by a function generator (33210A; Agilent Technolo-
gies, Massy, France) and a homemade power amplifier giving a current
signal with amplitudes up to 4 A. The effective magnetic field yielded by
the poles was controlled using a Hall magnetometer (AlphalLab USA,
Salt Lake City, UT).

Force calibration

In order to determine the absolute force acting on the beads embedded in
the biofilm, we measured the velocity of beads dispersed in a purely viscous
mixture of glycerol and water (39.8 g in 200 uL water). We derived
the force from Stokes’ law neglecting the inertia of the particles and
checked linear dependence between force and current indicating full
magnetization of the bead. To take in account the variation in the
force with the distance to the poles, we recorded particle trajectories in
the entire volume of interest in the capillary, and stored the velocities
with their coordinates (x;,y;,z;) in a calibration file of 8000 entries, which
was used to derive viscoelastic parameters from particle displacement
curves in the biofilm. For any given particle, we determined the local
applied force by averaging velocities stored in the calibration file for
a 25-um-side virtual cube centered on coordinates of the particle of interest.
On this length scale, the force standard deviation was found to be equal
to 10-12%, which took into account the error in particle size. The viscosity
was measured in parallel with a rheometer at the same temperature
and found to be very stable—the standard error on the measurements
was <1%. The amplitude of force in the zone of interest varied from 29
pN in microvolumes most distal from the poles at the center of the capillary
to 104 pN at the side walls of the capillaries near the pole pieces (see Fig. S1
in the Supporting Material).

Using 1-um diameter nonmagnetic beads (Fluoresbrite 18660; Poly-
sciences, Eppelheim, Germany) dispersed in the biofilm at the same time
as the magnetic particles, we checked that the displacement field generated
by local forces on the magnetic particles induced no motion of the nonmag-
netic particles at distances >10 um (data not shown).

Imaging and particle tracking

Particles in biofilm were imaged in the capillary using an S-Fluor x40
objective (NA 0.9, WD 0.3; Nikon). The microscope image was recorded

FIGURE 1 Magnetic setup and magnetic

(9]
o

N (bead/7um slice)
2
-\

F1s
H

Measurement
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particle distribution. (A) Schematic of the magnetic
tweezers mounted on the microscope stage on each
side of the biofilm growth capillary continuously
supplied in nutrients. (Top view) Geometry of the
measuring unit with the schematic representation
of the field lines and the measurement region. (B)
Bright-field microscope image of an F+ biofilm
1 mL/h, 24 h growth seeded with particles; z =
26.5 um from the bottom slide; bar is 20 um. (C)
Particle distribution in a biofilm volume (700 x
200 x 40 um?®). (D) Three-dimensional view of
the particle distribution in the region of analysis.
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by an electron-multiplying charge-coupled device camera (C 9100-02;
Hamamatsu Photonics, Massy, France). Particles were imaged using their
large-spectrum intrinsic fluorescence signal (filters Exc:540/25 nm;
DM:565; Em:605/55). To monitor particle motion upon magnetic force
application, image sequences were recorded at a frequency of 30 Hz over a
period of 20 s and further analyzed using an Imagel particle tracker
(National Institutes of Health, Bethesda, MD), as developed by Sbalzarini
and Koumoutsakos (17), that yielded particle trajectories from which indi-
vidual particle creep curves giving material strain versus time could be
plotted. The error made on the particle position was evaluated by moni-
toring the position of resting beads and found to be equal to 0.02 um.

Confocal microscope images were obtained as described in the legend
to Fig. S11.

Creep curve analysis

Material compliance was derived from particle motion using the strain-
stress relation previously established for a probe particle of radius R
embedded in an incompressible, homogeneous viscoelastic medium (18),
which gives the time-dependent creep compliance of the network J(¢) (equal
to the reciprocal macroscopic shear modulus), knowing probe deflection
d() and applied force f as

.67rR
7

Next, we extracted viscoelastic moduli by fitting the creep curves to the
time-dependent viscoelastic behavior of Burger’s model—an equivalent
mechanical circuit made of a spring and a dashpot combined in parallel
and a second spring and dashpot added in series—as classically done to
quantify viscoelastic materials, but also more complex and biological poly-
mers rheological properties (19,20). Upon constant force, f, this element
combination exhibits a three-regime mechanical response: fast elastic,
viscoelastic relaxation, and a viscous regime (shown in Fig. S2 B) with
a unique analytical solution as

J(t) = d(1) (1)

J(t) = Jo+Ji(1—e7) + . )

Mo

where J, is elastic instantaneous compliance, 7 is the relaxation time
required for the transition from the elastic to the viscous regime, J; gives
the amplitude of elastic relaxation, and 7, measures the effective viscosity
of the material. Curve fitting was performed using a nonlinear least-mean-
square algorithm; accuracy in adjustment was checked using a bootstrap
method. Noise at the bead position was evaluated at 0.01 um, and repre-
sented the main source of error in the determination of the rheologic param-
eters from the creep curves.

Boundary conditions were evaluated using the theoretical approach of
Perkins and Jones (21,22) for both hard wall and free surface effects. The
correction function g(z) was calculated to the fifth order and taken into
account to correct particle velocity in the capillary in the limit of 20%
correction, i.e., from 4 um from the bottom of the capillary to 3 um from
the free surface (see Fig. S3). Particles located outside of these limits
were not taken into account in the analysis.

RESULTS

Micrometric magnetic particle distribution within
growing E. coli biofilm

We began the experiments using an F pilus-producing
E. coli strain known to develop mature biofilms in flow cells
(23). Biofilm growth was initiated by introducing a mixed
suspension of exponentially growing bacteria and magnetic

Biophysical Journal 103(6) 1400-1408

Galy et al.

particles in the capillary mounted on our microrheology
setup (Fig. 1 A). A typical magnetic probe spatial distribu-
tion in such a biofilm, grown for 24 h under continuous
feeding at a flow of 1 mL/h, is shown in Fig. 1, B-D, for a
biofilm average thickness of 45 um. The particles initially
adhering to the capillary bottom detached after 3—4 h bio-
film growth (see Movie S1 in the Supporting Material). As
biofilm thickened with cell division, the particles were
randomly transported and distributed throughout the entire
biofilm volume. Particles were found at all biofilm depths,
although the upper layers were less concentrated than the
rest of the volume (Fig. 1 C). Particle initial concentration
was chosen to obtain an average distance between the parti-
cles equal to 30 um after 24 h growth of the biofilm in order
to avoid near-neighbor interactions. However, particle
spatial distribution was not fully homogeneous, and due to
density fluctuations, two particles were sometimes found
very close to one another. In this case, they were not taken
into account in the analysis.

Local mechanics of F pilus-producing E. coli
biofilm is dominated by elastic deformation

At the stage of growth and particle distribution reached after
24 h, magnetic tweezers are used to apply a 16 s force step
of amplitude comprised between 30 and 100 pN depending
on the coordinates of the particle in the capillary. In
response to this force, each individual particle embedded
in the biofilm undergoes a deflection recorded versus time,
providing a creep curve from which we extract the visco-
elastic parameters. Interestingly, particle displacements
reported different local mechanical environments, as
shown in Fig. 2 and Fig. S2.

To check the linearity of the viscoelastic response, creep
curves were recorded successively on the same particle at
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FIGURE 2 Mechanical behaviors in biofilm. Experimental points and
fit of two typical creep compliances found in an F pilus biofilm grown
for 24 H at 1 mL/h nutrients flow. (A) Viscoelastic liquid with viscoelastic
relaxation and (B) elastic solid environment. Curve-fitting was performed
using a nonlinear least-mean-square algorithm. The error on the adjustment
was evaluated using a bootstrap method and found equal to 0.01 (N/m?)~".
The overall range of behaviors (and their occurrence) is presented
in Fig. S2.
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applied forces ranging from 20 to 100 pN. We obtained
homothetic curves demonstrating our measurements were
actually performed in the linear regime—superimposed
creep curves were obtained when the same force was
applied successively on the same particle (see Fig. S4).
Deflection curves were converted into compliance curves
using force calibration data and function g(z) accounting
for boundary conditions (see Fig. S3). Then, for the sake
of homogeneity, we adjusted all creep curves using the
same analytical framework given by Burger’s model—a
mechanical equivalent circuit that provides four parameters:
elastic compliance, Jy; relaxation time, 7; viscosity, 7o; and
the amplitude of elastic relaxation, J; (see Fig. S2 B). Only
those parameters with values at least twice as high as the
noise were retained.

Thus, viscoelastic liquid behavior was characterized by
a four-parameter set (Jo, J1, T, 7o) (Fig. 2 A), while a purely
elastic response, as in Fig. 2 B, was characterized by only
one parameter Jo—J;, with 7 and 7, values yielded by
Burger’s adjustment being, in the latter case, too small to
be considered in the analysis. Based on these parameter
sets, particle mechanical responses were sorted into four
different mechanical behaviors—viscoelastic liquid with,
or without, short-time relaxation (see Fig. S2 A, charts
1 and 4); viscoelastic solid (see Fig. S2 A, chart 3); and
elastic solid (see Fig. S2 A, chart 2). A total of 20% of the
beads displayed no measurable deflection (see Fig. S2 A,
chart 5); their mechanical environment is hereafter referred
to as a rigid environment. The entire behavior was domi-
nated by elastic compliance, which supported the major
part of material deformation (see Fig. S2, C and D) and ex-
hibited the widest spread of values. Although, in 75% of
cases, effective fluid viscosity comprised between 20 and
2000 Pa.s was measured, the associated viscous deformation
generally remained lower than that of elastic at the scale of
the experiment—as evaluated via derivation of an equiva-
lent compliance t./ng, which reflected the viscous flow-
induced strain after a time of creep 7. (see Fig. S2 C). We
then primarily examined J, value spatial distribution.

Mapping of local compliance reveals biofilm
mechanical heterogeneity

For a given F pilus-producing E. coli biofilm grown under
reference conditions, i.e., 37°C, 1 mL/h growth flow
for 24 h, J, values reported by ~200 beads differed by >2
orders of magnitude from locus to locus in the same biofilm,
while the maximal error on the measurement was equal to
20%. In order to specify the degree of this heterogeneity,
we examined more closely the distribution of Jy values.
We first normalized the J, distribution with its ensemble-
average to focus on the parameters characterizing the
distribution independently of the mean and to evaluate the
degree of heterogeneity in comparison with other biomate-
rials (24-26).
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In addition, normalized distribution of the compliance
values obtained in glycerol (only viscous contribution as ex-
pected) was taken as a control distribution for a mechani-
cally homogenous material as already described in the
work of Apgar et al. (24). Median, variance, and skewness
derived from the normalized distributions are shown in
Table 1 (see normalized distributions themselves in
Fig. S5). Parameters derived from experiments in glycerol
were very close to what is expected from a normal distribu-
tion with a small variance (<0.1) indicating a narrow range
of values, a small skewness, and a median equal to unit
showing up the symmetry of the distribution consistently
with the homogeneity of the medium. In contrast, the
normalized distribution of J, from an F-pilus-expressing
biofilm exhibited high variance and skewness reflecting
the large scale of values recorded and the high asymmetry
of biofilm compliance value distribution. Median was found
equal to 0.5, indicating a significant contribution of the most
rigid environments to the whole material despite the large
positive skewness of the distribution. Maximal normalized
compliance values >10 were observed as in the case of
the most heterogeneous actin gels obtained by Apgar et al.
(24) and Tseng and Wirtz (25) at high monomer concentra-
tion in the presence of cross-linkers.

To our knowledge, this constitutes the first signature of
material mechanical heterogeneity. When examining Jy
value distribution in the three dimensions of the biofilm,
we found sharp dependence on the distance-to-vertical
boundaries of the particle (z position), whereas the distribu-
tion was wide but invariant across the width (x position) and
length of the capillary (y position) (Fig. 3). The entire data
collection provides a mechanical description according to
three vertically stratified zones, this formal description
implying no net physical limit between the layers. The lower
zone, extending at ~10-um thickness close to the adhesive
surface, displayed the highest rigidity (low compliance
values) and narrowest distribution of the values (normalized
distribution variance and skewness equal to 0.7 = 0.1 and
0.66 = 0.05, respectively). The median zone, which
extended over 20 um under reference conditions, exhibited
the total range of compliances measured in the biofilm, with
a wide value distribution (normalized distribution variance
and skewness equal to 1.5 = 0.1 and 2.6 * 0.1, respec-
tively) (see Fig. S6), indicating that highly rigid and very
soft environments coexisted in this intermediate layer of
the biofilm. Although the third upper layer, of ~15-um

TABLE 1 Statistical parameters extracted from the
normalized distribution of the creep curve parameters (no and
Jo) in E. coli-expressing F pilus biofilm and homogeneous
solution of glycerol 10% water w/w

Material Median Variance Skewness
F pilus biofilm 0.5 = 0.06 24 = 0.1 3.6 = 0.1
Glycerol 0.99 = 0.005 0.04 = 0.002 0.29 = 0.04

Values given are mean * standard error.

Biophysical Journal 103(6) 1400-1408
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thickness, was usually rather poorly populated in particles, it
was clearly characterized by the absence of the most rigid
environment and thus a higher average elasticity than the
rest of the material. Yet the compliance values in this super-
ficial slice differed at times by more than an order of magni-
tude from point to point on the same plane.

Viscosity and delayed elastic compliance followed the
same z-dependent trend as Jy, although the spread of the
values was lower (see Fig. S7). The viscoelastic relaxation
characterized by 7 (in 55 = 3% of the cases) did not exhibit
any oriented spatial distribution. We also observed that
viscoelastic moduli were weakly correlated with each other,
showing a correlation coefficient close to 0.7 (0.74 for J; vs.
1/m0; 0.78 for Jy vs. Jo; 1/mq vs. J1), which suggests that the
different mechanical behaviors might have multifactorial
molecular origins (see Fig. S8).

Thus, the mechanical signature of an F pilus-producing
E. coli biofilm grown for 24 h under 1 mL/h nutrient flow
held a three-layer profile across the biofilm thickness, with
a rheological behavior dominated by an elastic response
the amplitude of which extended over two orders of magni-
tude. In addition, this biofilm exhibited a high degree of
mechanical heterogeneity characterized by compliance
distributions of large variance and skewness.

Biofilm growth conditions impact mapping of its
viscoelastic properties

To evaluate the versatility of the mechanical profile
evidenced above in a given situation, we varied growth
conditions and mapped viscoelastic parameters as above.
We first increased the growth period. Fig. 4 shows vertical
distribution of elastic compliance (Jy) for an F pilus-
producing E. coli biofilm grown for 48 h with a similar
biofilm grown for only 24 h. As expected, the 48 h biofilm
thickness was higher—particles were found up to 80 um
compared to 45 um for the 24 h biofilm. Considering the
range and spread of the values, the Jy-value general z-profile
of the 48 h biofilm was fairly similar to that of the 24 h
biofilm. We also found three-layer division across the thick-
ness of the material, but with a net increase in the lower rigid
zone, which extended to 25-30 um for the 48 h biofilm

Biophysical Journal 103(6) 1400-1408
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FIGURE 3 Spatial distribution of elastic
1 ] compliance J, in three-dimensional biofilm. F
] pilus biofilm grown at 37°C under 1 mL/h nutrient
flow after 24 h. Compliance values reported by
each particle are represented according to the
three dimensions of the biofilm—width, length,
and depth (left to right). Symbol colors give
the compliance ranges: 0.005-0.2 m*N (red);
0.2-0.5 m*N (black); 0.5-1 m*N (dark gray);
1-2 m*/N (medium gray); and >2 m*N (light
gray). Error bars are mean = SE.

z (um)

compared to 10 um for the 24 h biofilm. The intermediate,
most heterogeneous zone occupied a 25-um height, as was
the case for the 24 h biofilm. The upper layer, softer and
rather poor in particles, similarly extended over 15 um.
This suggests that this F pilus-producing E. coli biofilm
matures by extension of its rigid basis, maintaining the
heterogeneous softer superficial layers at the interface
with the fluid.

Next, we changed the shear stress applied to the biofilm
by changing the growth flow. Fig. 5 shows the compliance
profile across the height of an F pilus-producing E. coli
biofilm grown for 24 h at 0.1, 1, and 5 mL/h. The growth
flow rates strongly affect biofilm mechanical properties.
The highest flow (5 mL/h) rate produced a biofilm ex-
hibiting high rigidity characterized by a mean value of
0.06 N/m*> and a sharp compliance value distribution
(normalized distribution variance and skewness equal to
0.27 = 0.04 and 0.68 = 0.05, respectively). Only the super-
ficial layer showed higher compliance values, up to 1 N/m>.
In contrast, the biofilm grown at 0.1 mL/h exhibited greater
and more widely distributed compliance (mean value equal
to 0.56 and normalized distribution variance and skewness
equal to 1.05 = 0.1 and 2.9 =+ 0.1, respectively) throughout
the entire biofilm thickness, with no clear-cut difference
between the bottom and top of the structure. Yet it should
be mentioned that these low-flow-grown biofilms were

0 10 20 30 40 50 60 70 800 10 20 30 40 50 60 70 80
z (um) z (um)

FIGURE 4 Spatial distribution of elastic compliance J, evolution with
age of the biofilm. The z-depth dependence is shown for an F pilus biofilm
grown at 37°C under 1 mL/h nutrient flow for 24 h (A) and 48 h (B). Details
as in Fig. 3.
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usually thinner than biofilms grown at higher flow rates. It is
interesting to note that these flow rates, from 5 mL/h to
0.1 mL/h, corresponded to low shear stresses in the range
of 3 x 107* N/m?> to 2 x 1072 N/mz—i.e., much lower
than the material cohesion strength inferred from compli-
ance values. These results suggested the production of a
biological response to increasing shear stress, leading to
an increase in biofilm rigidity.

Adhesin expression strongly affects the biofilm
mechanical profile

Several bacterial adhesins are known to promote E. coli
biofilm development. In order to evaluate whether these
proteinaceous structures affect the biofilm mechanical
profile, we analyzed the spatial distribution of mechanical
properties in a biofilm built by E. coli cells constitutively
producing another adhesin than the F pilus. Fig. 6 and
Fig. S9 show the distribution of compliance values for bio-
films formed by an E. coli strain constitutively expressing
curli appendages after 24 h at 1 mL/h. The biofilm was
grown either at 37°C, for the sake of comparison with F+
biofilms, or at 30°C to foster curli expression. Both compli-
ance profiles were drastically different from that exhibited
by a biofilm grown under the same conditions by cells
producing F pilus. Average compliance values were

0.3
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w
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20
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30 40 50

FIGURE 6 Curli-induced spatial distribution of elastic compliance J,.
The z-depth dependence is shown for a curli biofilm under 1 mL/h nutrient
flow at 30°C for 24 h. Details as in Fig. 3.

FIGURE 5 Spatial distribution of the elastic
compliance J, depends on shear stress. The z-depth
dependence is shown for an F pilus biofilm grown
at 37°C for 24 h under three different nutrient flows
(A) 5 mL/h; (B) 1 mL/h; and (C) 0.1 mL/h. Details
as in Fig. 3.
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found equal to 0.08 and 0.02 N/m? at 30 and 37°C,
respectively (versus 0.23 N/m? for an F pilus-producing
biofilm at 37°C).

The decrease in mean values was also accompanied
by reduced spreading of the values (normalized distribution
variance and skewness equal to 0.4 = 0.05 and 0.63 = 0.06,
respectively at 30°C; see also the Supporting Material and
Fig. S10). In contrast to the three-layer compliance profile
obtained for F pilus-producing biofilm, no clear-cut varia-
tion in compliance across the biofilm was observed with
only a slight decrease in the mean value calculated per indi-
vidual plane with the distance to the bottom of the capillary.
Biofilms grown at 37° and 30°C displayed similar general
compliance profiles, but biofilms grown at 30°C, a tempera-
ture that induces maximal curli expression, was stiffer than
that grown at 37°C, suggesting that increasing the amount of
curli in the biofilm induces stiffening of the material.

To evaluate whether the drastic increase in the biofilm
stiffness induced by curli expression was correlated with
an increase in cell density (potentially driven by the ability
of curli-expressing cells to strongly self-associate (27)), we
acquired confocal microscope image stacks on curli and
F-pilus-expressing biofilms grown for 24 h with or without
particles under the same conditions as those used for
mechanical parameter determination. We imaged both cell
and particle fluorescence. Only the lowest layers
(<15 pum) of the biofilm could be imaged due to the strong
screening effect produced by the dense material upon both
exciting and emitted light and to the reduction of GFP fluo-
rescence in 24 h biofilms. However, the images enabled
good qualitative description of the cell biomass distribution.
Surprisingly, curli-expressing biofilm displayed less com-
pact architecture, exhibiting a structure made up of cell
clusters and holes whereas F pilus biofilms showed a more
even biomass texture (see Fig. S11 and Fig. S12). The
images also revealed that the two strains differentially colo-
nized the substrate that was completely covered with cells in
the case of F-pilus-expressing biofilm and exhibited almost
half the surface free of cells with curli-expressing biofilm
even after 24 h growth of a 40- to 50-um-high biofilm.
These experiments also showed that the presence of the
magnetic particles did not affect the general biofilm organi-
zation. Results clearly indicated that biofilm mechanics was
not directly correlated with cell density.
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DISCUSSION

Despite similarities with artificial soft matter, bacterial bio-
films are not conventional complex fluids (28). Their
specific organization and consequent properties, which
develop through attachment and growth, are expected to
be destroyed when biofilms are scraped or removed from
their initial anchoring. To uncover biofilm native properties
and local heterogeneities, we devised a unique in situ
approach, thereby conserving material integrity.

We describe here the experimental setup enabling the
first—to our knowledge—active microrheology measure-
ments within biofilms. To the best of that knowledge, the
only previous attempt to probe intact biofilm local mechan-
ical properties was the work of Rogers et al. (29), whose
analysis relied on thermally driven motion of the cells
themselves, used as mechanical noninvasive probes.
Although the technique detected different rheological envi-
ronments of individual bacteria across the biofilm, the
approach was hindered by biofilm self-dynamics. Mathias
and Stoodley (30) recently introduced a digital image corre-
lation method for analyzing biofilm natural image texture
that is intrinsically noninvasive, but it does not address the
three-dimensional heterogeneity of the structure. We
overcame these difficulties by devising additional tools
based on insertion into the biofilm of magnetic probes that
self-distribute in the living material throughout growth of
the structure. Their remote actuation using appropriate
magnetic tweezers enables active three-dimensional map-
ping of biofilm mechanical properties.

Our approach, nonetheless, has three limitations:

First, magnetic remote actuation of colloidal probes has
an intrinsic range of accessible forces given by the
pole-particle distance, pole material properties, and coil
performance. The current configuration of the setup enabled
the probing of rigidity values up to 200 Pa, which was
sufficient for the biofilms examined here. Nevertheless,
further engineering of our setup—involving, for instance,
electromagnet cooling—should enable shifting of force
and time limits by a factor of 2-3.

Second, the magnetic probes remain foreign bodies in
bacterial biofilm and might affect the natural structuration
of the material and, therefore, the local mechanical environ-
ment. However, confocal imaging of biofilms with and
without inserted particles displayed no visible differences.

Third, particles are naturally distributed throughout the
entire biofilm volume during growth, raising concern about
selective localization of particles in given environments.
However, this concern is minimized by the observation
that particles can distinguish very different mechanical
properties, indicating that they explore a wide range of
locations.

We show here what is the introduction of an approach,
which is open to further developments. These include, for
instance, the analysis of both creep curve and relaxation
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functions (see examples of recordings in Fig. S13) or the
design of an oscillatory version of the setup that might
enable us to go deeper into the details of the rheological
properties of the material underlying biofilm mechanics.

Using these tools, we were able to evidence the wide
spread of viscoelastic parameters and to reveal their three-
dimensional spatial distribution in a given native biofilm.
From normalized distributions, we extracted relative
markers, such as variance, skewness, and median, which
do not depend on the mean value of the considered param-
eters but only on the degree of heterogeneity enabling
comparison with different complex fluids. Interestingly,
F pilus biofilm behavior exhibited similarities with that
observed for a concentrated actin gel in the presence of
cross-linking proteins (24,25), suggesting that biofilm
mechanics are underpinned by an analogous cross-linked
polymer network. Consistent with previous investigations
(4,9,31), we found that biofilm exhibits a general visco-
elastic material signature; however, due to the wide distribu-
tion of values (more than two orders of magnitude in elastic
compliance), the material locally behaves either like a solid
or like a liquid. At the force and timescale of our experi-
ments, we found that elastic stretching represented the
main contribution of the observed local biofilm deforma-
tions; ~25% of particle deflections exhibited purely elastic
displacement.

Our results elucidate the detailed remodeling of the bio-
film mechanical profile according to biofilm aging, the
physical environment the material is exposed to, and molec-
ular details of the constitutive cells.

We show, on an F pilus-producing biofilm continuously
fed under low shear stress (3 x 1073 Pa, Reynolds number
<1), that mechanical heterogeneity displays a vertical three-
layer organization. Above the bottom stiffest layer (elastic
modulus in the range 5-200 Pa; see Fig. 3), we find an inter-
mediate laterally heterogeneous layer that exhibits a mosaic
of mechanical microenvironments from the most rigid
(>200 Pa) to the softest (in the range 0.2—-1 Pa). A thin
(~15 pm thick) heterogeneous but softer layer, i.e., exhibit-
ing no zone with the highest rigidity, resides on top of this.
This general picture is maintained as biofilm ages, but with
an increase in the thickness of the lower, most rigid layer. In
contrast, this three-layer profile is strongly reshaped when
biofilm is grown under different hydrodynamic conditions.

Our data show that increasing growth shear stress at the
biofilm interface from 0.3 to 15 mPa induces a drastic
decrease in the average compliance, but also in the spread
of the values (see all the normalized distributions in
Fig. S10 and corresponding parameters in the Supporting
Material). Interestingly, this was observed in a range of low
shear stresses (here, 1 mL/h flow corresponds to 3 x 107> Pa
shear stress), two to three orders of magnitude lower than
values expected to cause material deformation according
to biofilm elastic moduli (in the range of 0.2-200 Pa).
This observation rules out the hypothesis that shear
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stress-induced remodeling originates from a direct physical
effect on the material organization itself, as previously sug-
gested for higher stresses (31,32). In our experiments, the
hypothesis of a reduced substrate loading rate at lower flows
was unlikely, because our carbon source flow rate was,
under all conditions, much higher than that expected to
impact biofilm development (values <120 mg h™' m2,
given in Peyton (33)). Rather, our assumption is that the
observed changes reflect a cell biological response to low
shear. Indications of such an adaptation to low shear stress
involving genetic downregulation have recently been found
in Staphylococcus aureus (34). Because we measured here
mechanical parameters independently from overall shear
stress imposed upon the biofilm, we were able to detect
low-shear-stress mechanical remodeling occurring at forces
that do not cause material deformation.

We also show here that switching the expression of
surface appendages of the bacteria constituting the biofilm
from F pili to curli induces a drastic alteration in the mate-
rial mechanical profile. While F pilus production supports
a three-layer heterogeneous mechanical profile, production
of curli under the same conditions gives rise to stiff,
mechanically much more homogeneous biofilm. In the
regime of force explored here, bacterial cells did not directly
contribute to the overall microrheological profile; indeed, all
of Young’s modulus values recorded for living microbial
cells were in the MPa range (35). In contrast, the cell-cell
interactions—promoted by the presence of curli on the
cell surface—might play a role but we observed here that
biofilm stiffening was not correlated with cell density
increase.

Moreover, the mechanical behavior found here could fit
the response of an unevenly cross-linked and/or swallowed
polymer hydrogel displaying irregular mesh size across
the structure. Thus, we suggest that the various degrees of
cross-linking of the extracellular matrix might underlie bio-
film mechanics. This is also supported by the similarity of
the microheterogeneity profile that we have found in the
biofilms and that found by Apgar et al. (24), Tseng and
Wirtz (25), and Xu et al. (36) in polymer protein gels
diversely cross-linked. Therefore, mechanical properties
and their spatial distribution could be modulated by
different concentrations of divalent ions, proteins, or
DNA. In addition, the major curli subunit is secreted from
the cell as a soluble protein and subsequently polymerizes
in amyloid fibers (37).

Biofilms have aroused considerable public interest and
scientific activity. Increasingly sophisticated knowledge is
now required to progress to a better understanding of the
complexity and specificity of this living structure (38). Until
now, biofilm mechanics were mainly studied from a material
perspective and were examined macroscopically in order to
provide useful information for physical control of biofilm,
but this overlooked their complexity and variability in this
living material. Here we defend the idea that understanding
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the mechanical heterogeneity of bacterial biofilm will not
only help to elucidate resistance to stress and breaking
points, from an engineer’s point of view, but also to make
progress in understanding the specific biology of these
structures. Indeed, formation of mechanical microniches
within biofilm might be a driving force for generating or ex-
panding the phenotypic diversity by which adherent
communities enhance their chances of survival and develop
resistance mechanisms (39).

Mechano-sensing via membrane channels gated with
osmotic pressure is well described in microbes (40), but
other issues, such as behavior in shear stress (41) or the
response to environment rigidity known to impact cell func-
tions in higher organisms, are not truly recognized in
bacteria. We believe that the possibility of mapping out
a local mechanical environment in a bacterial biofilm, in
synergy with contemporary tools for monitoring biological
activity at the single cell level, offers invaluable perspec-
tives for further elucidating the profound role of physical
cues in specific biofilm features. In addition, biofilm
mechanical mapping-out opens up additional pathways for
investigating in detail the internal effects of biocides upon
these resistant structures and for possibly recognizing differ-
ential efficiency according to local mechanical properties
within the structure.
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