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ABSTRACT: The development of reliablemodels to accurately
predict biofilm growth in porous media relies on a good
knowledge of the temporal evolution of biofilms structure
within the porous network. Since little is known on the true
3D structure of biofilms developed in porous media, this
work aimed at developing a new experimental protocol
to visualize the 3D microstructure of bacterial biofilms
in porous media. The main originality of the proposed
procedure lies on the combination of the more recent
advances in synchrotron microtomography (Paganin mode)
and of a new contrast agent (1-chloronaphtalene) that has
never been applied to biofilm visualization. It is shown that
the proposedmethodology takes advantage of the contrasting
properties of 1-chloronaphtalene to prevent some limitations
observed with more classical contrast agents. A quantitative
analysis of the microstructural properties (volume fractions
and specific surface area) of bacterial biofilms developed in
columns of clay beads is also proposed on the basis of the
obtained 3D images.
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Bacterial biofilms can be found everywhere and especially
in natural porous media, such as soils and sediments
(Monrozier et al., 1993). The growth of microorganisms can
affect the physical and chemical properties of thesemedia and
can also promote or reduce organic matter degradation and
pollution dispersion (Baptist et al., 2008; Guiné et al.,
2003, 2007; Martins et al., 1997). Biofilms in porous media
are fundamental in the field of engineering sciences. They
are currently used for in situ soil bioremediation, aquifer
protection or assisted oil recovery. In the frame of (bio)
chemical engineering, biofilms grown in granular porous
media (called biofilters) are widely used to treat domestic or
industrial liquid effluents. The development of reliable
models (Brovelli et al., 2009) to describe and manage such
systems requires a good knowledge of the evolving biofilm
microstructure at the pore scale (Devinny and Ramesh, 2005;
Stoodley et al., 1994; Blanco et al., 2011). However, at the
scale of a few pores, there exist very few reliable data on
biofilm distribution and structural properties (Davit et al.,
2011). Indeed visualizing and quantifying accurately the
microstructure of bacterial biofilms (volume fraction or
specific surface area) in porous media still remains a
challenge. In that scientific field, X-ray microtomography
is a quite new method, which allows getting 3D images of the
porous medium inner structure. Applying such techniques
for imaging biofilms raises two main difficulties: (i) the
preservation of biofilm properties: to avoid biofilm drying
and therefore any shape modification, it has to be maintained
in wet conditions during the scan, with the difficulty that
irradiating liquid phases with synchrotron sources may cause
degasification of the liquid phase and blur data reconstruc-
tion; (ii) the principle of X-ray microtomography relies on
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the difference in X-ray absorption of the sample constituents,
which mainly depends for given experimental conditions
(X-ray energy) on the atomic number and density of these
constituents. In the case of biofilters, the main difficulty lies
in the distinction between the biofilm and the aqueous phase,
which are chemically very close. To overcome these
difficulties, classical approaches consist in using chemical
contrasting agents. Efficient contrast agents must not diffuse
within the microporous biofilm. Two main strategies have
been proposed: (i) the first one consists in visualizing one or
both phases of close X-ray absorption coefficients using one
or more contrast agents (e.g., Davit et al., 2011) and (ii) the
second one consists in visualizing only the interface between
the two phases (e.g., Iltis et al., 2011). For the first strategy,
barium sulfate is commonly used as a contrast agent: barium
is introduced as highly concentrated (>0,33 g/mL) BaSO4

suspensions, behaving like pastes, to contrast the liquid phase
alone or in combination with a biofilm contrasting agent,
such as potassium iodide (Davit et al., 2011). The second
strategy (Iltis et al., 2011) consists in the discrete coating of
the biofilm surface using silver microspheres. Although
promising, both approaches were shown to suffer from
important limitations such as fast sedimentation and
heterogeneous distribution of barium or the uncontrolled
deposition of silver spheres at the biofilm surface. In the latter
case, Iltis et al. (2011) stated indeed that the biofilm–liquid
interface is deduced from a cloud of points corresponding to
the microspheres location. Therefore, the description of this
interface strongly depends on the quality of the biofilm
coverage by these microspheres: some refined features of the
biofilm surface can then be missed. In the case of barium
sulfate (Davit et al., 2011), sedimentation constraints make
necessary the use of highly concentrated suspensions, which
thus behave like a paste. The full and homogenous filling of
the pore network is not ensured (especially in the finest pores
and at the beads connections). Consequently, alternative
contrast agents are needed to better characterize these zones
and to improve biofilm visualization and modeling.

The objective of this study was to develop a synchrotron-
based procedure to improve the visualization of biofilms
developed in porous media in order to characterize their
microstructure using X-ray microtomography. A new
procedure is proposed to visualize bacterial biofilms in
porous media at the scale of a few pores. The originality of
this work lies in the application of a new contrast agent
unused to date for biofilm visualization, in combination with
the application of the more recent developments in the
reconstruction of 3D images obtained by synchrotron
microtomography.

Materials and Methods

The Model Biofilm Forming Bacteria

Pseudomonas putida strain DSM 6521 was used as model
biofilm-forming bacterium. This bacterium is known to
easily form biofilms and to degrade a wide range of organic

contaminants (Karrabi et al., 2011). The bacterial cells were
grown overnight at 30�Cuntil late exponential phase in liquid
Luria Bertani (LB) medium (Martins et al., 2013) supple-
mented with ampicillin (100mg/mL) for cell selection. The
biofilm was allowed to develop for 13 days in the porous
media.

Mini-Biofilter

The mini-biofilters are glass columns (XK 13 GC Healthcare
Ltd, London) of 10mm inner diameter, 15mm outer
diameter, and 20 cm long. They are filled with Biolite1

beads that is porous clay beads of 3mm in diameter (Karrabi
et al., 2011) commonly used as solid carriers in biofiltration
industry. At the end of the filling, the granular porous
medium is blocked between two length adaptors. Autoclav-
able teflon tubes were used to connect the columns to growth
medium reservoirs through peristaltic pump tubings. The
full system was previously autoclaved at 120�C for 20min
before inoculation with the model bacterium. A preliminary
injection of an axenic culture of P. putida was performed to
inoculate the biofilter and then a constant flux of bacteria-
free growthmediumwas set in the column in an open circuit.
Air inlet was filtered at 0.2mm in order to avoid microbial
contamination.

Growing Bacterial Biofilms

After overnight growth at 30�C in LB medium, 500mL of
cells suspension were injected in closed circuit in the sterile
mini-biofilters for 24 h using a peristaltic pump (Gilson
Minipuls 3) in order to inoculate the model bacterium in the
porous medium. The mini-biofilters were kept at 23�C and
continuously supplied with 1/10 diluted LB liquid medium at
a flow rate set to 20mL/h (equivalent to a Darcy flow with a
superficial velocity of 16 cm/h) with the peristaltic pump
connected to 2 L LB reservoirs. The liquid medium was
continuously aerated by stirring at 200 rpm, in order to
maintain a constant oxygen oxygenation (which level was
measured once at 6mg/L with an O2 electrode [InPro 6800
O2 sensor, Mettler Toledo] in the stirred growth medium
tank) Growth medium tanks were refilled every 24–48 h with
diluted fresh LB medium, which was found to facilitated
biofilm formation inside the packed beads as compared to the
undiluted LB medium (data not shown).

Contrast Agents

1-Chloronaphtalene (90% pur., ACROS-Organics, Stras-
bourg, France) was used as a new contrast agent (Flin et al.,
2003). It has never been used for visualizing biofilms, to our
knowledge. It presents the advantage of being chemically
different from bacterial biofilms and immiscible with water.
The BaSO4 (99%, Chimieplus, Lyon, France) contrast agent
was also used for the sake of comparison. The concentration
of BaSO4 used in our study was 0.33 g/mL as used in Davit
et al. (2011). For comparing images obtained with the two
contrast agents, the mini-biofilters were first saturated with
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1-chloronaphtalene and scanned by microtomography as
described above. Without removing the mini-biofilter from
the microtomograph stage, 1-chloronaphtalene was drained
off, and the columnwas then saturated again with BaSO4 and
scanned again in order to reconstruct 3D images of the same
zones of the mini-biofilters. The two contrast agents were
compared on the basis of two image analysis criteria: (i) the
homogeneity of the contrast agent distribution and (ii) the
easiness of biofilm/liquid phase separation with segmenta-
tion techniques.

Synchrotron X-Ray Microtomography (SXRM) Applied to
Mini-Biofilters

The mini-biofilter was placed on a high precision rotation-
translation stage that permits the accurate alignment
(�0.1mm) of the three main components: beam, sample,
and detector. The samples were irradiated with a parallel and
monochromatic X-ray beam. The X-ray energy was set to
52 keV because of the high X-ray absorbency of clay beads
and of the thickness of the glass tube. To limit the effect of
degasification of the liquid phase during data acquisition and
therefore any shape modification, we used the “fast
tomography mode,” which allows the recording of 2,500
radiographs over 180� in less than 2min. The beam
transmitted through the sample is converted by a scintillator
into visible light that propagates through optics to the
FReLoN camera (Labiche et al., 2007). The obtained pixel size
depends on the combination of the optics and the pixel size of
the detector. According to the objectives of the study, the
datasets were acquired at a pixel size of 5mm, which allows
the simultaneous visualization of the whole inner structure of
the mini-biofilter, the clay beads and the biofilm. In such
conditions, the imaged volume is roughly 10mm� 10mm
� 5mm. The obtained set of radiographs is used to
reconstruct the 3D biofilter microstructure using a filter
back projection algorithm (Baruchel et al., 2000). The
recorded signal, that is the radiographs, which depends on
the sample/detector distance constitutes the input of the
reconstruction algorithm and defines as a consequence
the synchrotron X-ray modes. In general, two modes are
possible in this case: (i) microtomography in absorption
mode (Baruchel et al., 2000): this mode is experimentally
obtained by setting the camera as close as possible of the
sample. It reveals the sample microstructure provided that
the sample constituents present significant differences in
terms of absorption. This is the case for example when phases
present different densities as clay beads and water phase. (ii)
Microtomography using phase retrieval approaches (Sanchez
et al., 2012). Classically propagation-based phase contrast
imaging techniques require the recording of several scans
with different sample-detector distances. The phase retrieval
is done by combining these images. Recent advances in
reconstruction algorithms (Paganin et al., 2002; Sanchez
et al., 2012) allow processing the phase retrieval using a single
propagation distance. This mode is experimentally obtained
by setting the camera far from the sample (about 1m).

Generally, this mode is 100–1,000 times more sensitive than
the absorption mode and allows revealing phases that are
chemically close such as biofilms (dominantly composed of
water) and aqueous phases. In both cases, the reconstructed
magnitudes represent the spatial distribution (3D cartogra-
phy) of the chemical composition of the studied sample,
which is represented on the images as gray levels. In our
particular case, at the energy of 52 keV, the images were
acquired in Paganin mode in order to increase the contrast
between 1-chloronaphtalene and the biofilm.

Biofilm Microstructural Analysis Based on 3D Images

To obtain quantitative parameters describing the local
microstructure of the mini-biofilter, the three main phases
of the colonized porous medium (clay beads, liquid phase,
and biofilm) had to be separated in order to get a new 3D
dataset in which each constituent is represented by a single
gray level. This crucial step called segmentation was achieved
using semi-automatic segmentation tools provided by
VGStudiomax©. For that, a seed point is manually chosen.
New voxels are added to this region provided they are
connected to this region and fulfill a criteria based on gray
level of the voxels. This criterion ensured the homogeneity of
the segmented region. The segmented datasets were then
used to evaluate microstructural parameters such as volume
fractions (biofilm fraction, initial void fraction, final void
fraction) and specific surface area, which play crucial roles on
all porous media effective properties (permeability, disper-
sion, diffusion, or mass transfer) involved in macroscopic
models (Karrabi et al., 2011).
The biofilm fraction is defined as the ratio of the biofilm

volume and the total porous medium volume. These
quantities can be estimated on segmented datasets by
counting the voxels belonging to the considered phase, and
the total number of voxels, respectively. The specific surface
area, defined as the ratio between the surface of the considered
phase and the sample volume, can be estimated on digital
images using stereological tools (Underwood, 1969).

Results

Two-dimensional images of the colonized mini-biofilter
obtained with 1-chloronaphtalene or barium sulfate are
shown in Figure 1. In these two images, the same glass tube,
clay beads, aqueous phase (contrast agent), and biofilm can
be observed. Figure 1a and b shows strong differences in
terms of spatial homogeneity of the two contrast agents. The
1-chloronaphtalene liquid phase appears very homogeneous
and easy to separate from the biofilm as the edges of the
biofilm contours appear sharp on the images. This is
confirmed by the evolution of the gray-level profile (Fig. 1c)
measured along the line in the images obtained with both
contrast agents. Contrarily to 1-chloronaphtalene (Fig. 1a),
the barium sulfate suspension appears strongly heteroge-
neous both in the bulk and at the interface of the pores
(Fig. 1b). This contrast agent was already heterogeneous
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when it was introduced into the mini-biofilters, indicating
that its heterogeneity cannot be attributed to any residual
1-chloronaphtalene. The heterogeneous aspect of the barium
sulfate suspension comes from (i) the extremely low
solubility of barium sulfate which thus precipitates and (ii)
its heterogeneous aggregation and sedimentation in the
complex pore network of the porous media. Some of the
heterogeneous areas are surrounded by a pink line in
Figure 1b. Furthermore, with barium sulfate, the edges of the
bacterial biofilm are not always sharp and the borders appear
difficult to define. Moreover, some parts of the liquid phase
visualized with barium sulfate present similar gray levels as
the biofilm (cf. yellow squares in Fig. 1b), which makes
impossible the use of automatic thresholding techniques.
This is confirmed by the evolution of the gray level (Fig. 1 c)
along the black line in Figure 1b.

The analysis of biofilmmicrostructure was conducted only
with 3D datasets acquired with 1-chloronaphtalene. The
analysis was not performed on barium sulfate datasets
because of the difficulties to define accurately the shape of the
biolfim as shown above. Furthermore, in some rare cases, the
experimental procedure (water and 1-chloronaphtalene
removal by biofilter drainage) induced the migration of
biofilm fragments, thus limiting the quantification of images
acquired with barium sulfate.

The presented results were obtained on parallelepipedic
volume of 5.460� 5.460� 5.137mm3 extracted in the center

of the 3D datasets. Three-dimensional datasets were recorded
at seven different heights along the mini-biofilter. Figure 2
shows 3D views of three of these datasets chosen at the
bottom, themiddle, and the top of the biofilter. On the center
of Figure 2, we can observe the clay beads in gray and the
biofilm in purple. On the right side, the biofilm is shown
alone. This illustrates the homogeneity of the clay beads phase
and the spatial variability of the biofilm phase in terms of
volume fraction and shape. The bacterial biofilm appears
localized in areas that are close to contact areas between
beads. Although drainage effects preceding the introduction
of 1-chloronaphtalene cannot be totally excluded, this may
probably be due to the preferential development of the
biofilm in these dead zones where the effect of flow
circulation is weaker (Yazdi and Ardekani, 2012). In each
3D dataset, the bead volume fraction, biofilm fraction, and
interfacial area were evaluated using the tools and techniques
described in the previous section. Figure 3 shows the obtained
volume fractions and specific surface areas for different
heights along the mini-biofilter. It can be noticed that the
pore volume fraction in each analyzed volume is about 0.4.
This value is larger than the theoretical porosity of 0.35
obtained in amedium filled with packed beads. In the present
case, the large value of the porosity can be explained by three
reasons: (i) the initial arrangement of the beads might not be
fully compact; (ii) the beads are not perfect spheres (Fig. 2);
and (iii) the ratio between the diameter of the beads and the

Figure 1. Comparison of images obtained with two contrast agents: (a) 1-chloronaphtalene; (b) barium sulfate. Some of the inhomogeneous aggregates have been surrounded

in dashed pink. Some of the areas where thresholding techniques fail to identify the biofilm are yellow-squared (c) evolution of gray level along a line for each contrast agent.
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inner diameter of the biofilter which is not small enough
(around 3.3) in order to avoid boundary effects (i.e., to have a
good scale separation). The evolution of the biofilm volume
fraction as a function of the biofilter’s height (Fig. 3a) showed
as expected that there was a higher biofilmmass at the bottom
of the column, which is the nutrients entry. This is consistent
with measurements performed on larger biofilters operated
in similar flow conditions (Karrabi et al., 2011). The vertical
evolution of the specific surface area along the biofilter
(Fig. 3b) is close to the evolution of the volume fraction, with
a higher specific surface area at the bottom of the column
where the biofilm preferentially developed. This vertical
distribution is in agreement with our visual observations: the
microstructure of the biofilm is more complex at the bottom
than at the top part of the column. This is in agreement with
the results of Karrabi et al. (2011) who showed a relationship
between permeability and biofilm volume. They exhibited a
behavior which could not be explained by a simplified
distribution of the biofilm around beads and a Kozeny
formulation.
All these results point out that the proposed methodology

is quite promising in order to quantify biofilm micro-
structure in porous media. However, in order to get more
representative data that can be used in macroscopic models,
such analysis has to be carried out in biofilters of larger

diameter or with smaller beads. Moreover, these experiments
should be reproduced under several growth conditions in
order to ensure a statistical relevance of the analysis and to
check the influence of drainage on biofilm repartition. Our
results are in agreement with the trends obtained using
indirect measurements of biofilm microstructure, thus
validating the experimental protocol developed in the present
study.
To conclude, a new experimental protocol was proposed to

visualize the 3D microstructure of bacterial biofilms
developed in mini-biofilters. The originality of the procedure
relies on the combination of a contrast agent (1-chloronph-
talene) newly applied to visualize biofilms and of the more
recent advances in synchrotron microtomography (Paganin
mode). It was shown that the proposed methodology
prevented drawbacks (fast sedimentation, heterogeneous
distribution of barium, etc.) encountered with classical
contrast agents. Moreover, a quantitative analysis of the
microstructural properties of biofilms such as the volume
fractions and specific surface area was performed on the 3D
images: the general trends observed were found to be
consistent with indirect measurements. This work provides
new insights in bacterial biofilms 3D microstructure
measurement and demonstrates the efficiency of SXRM for
visualizing complex microstructure in porous media.

Figure 2. 3D spatial repartition of the biofilm as a function of biofilter height H (represented volume: 5.460� 5.460� 5.137mm3). Gray: beads, pink: biofilm.
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