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ARTICLE INFO ABSTRACT

Keywords: Microorganisms form biofilms in various environments, including porous media, where they alter substrate
nCT properties and fluid flow. Visualizing biofilms in 3D within the pore system is essential to understand their effect.
Drinking water Micro-computed tomography (uCT) is a powerful technique to visualize the pore system, but biofilms are usually
Porous media . . invisible due to low contrast with water. Contrast-enhancing staining agents (CESAs) can improve their visibility
Contrast-enhancing staining agents . . e fs . :
Isotonic Lugol by changing the attenuation of the biofilm or water phase. Traditional CESAs such as BaSOy, silver-coated mi-
Hf-WD 1:2 POM crospheres or 1-chloronapthalene proved to be successful, but often stain the water phase and have drawbacks
such as sedimentation or toxicity. After the successful use of isotonic Lugol and Hf-WD 1:2 POM on cyanobacteria
at the surface, this study investigated the use of those CESAs to stain biofilms within opaque materials and, in
particular, on biofilms colonizing field-derived sand filters of water treatment plants. Both CESAs increased the
biofilms’ visibility, including channels within the Hf-WD 1:2 POM stained biofilms and improved segmentation.
Their visualization was consistent with Scanning Electron Microscopy (SEM). The CESAs quickly stained the
biofilms, and their effect was stable. Isotonic Lugol enhanced the X-ray attenuation the most but might have
caused shrinkage. The use of BaSO4 solution, added for comparison and positive control, was complicated due to
its fast precipitation. BaSO4 was unable to visualize the isotonic Lugol-stained biofilms but corresponded with the
Hf-WD 1:2 POM-stained biofilms. However, the stability and detail shown by isotonic Lugol and Hf-WD 1:2 POM
make the latter two preferred. The study showed the potential of pCT and these CESAs for biofilm visualization
and water research. Future research should apply these CESAs and focus on the CESA-biofilm interaction to
understand the binding mechanisms and their effect on the structure.

a crucial influence. Biofilms actively participate in rock-water in-
teractions. They affect elemental cycling and the chemistry of the sub-

1. Introduction

Microorganisms colonize along with the surface, the pores and
cracks of materials, including rocks, sediments and soils. Within soils,
bacteria are dominant with fungi, while in the deep subsurface, bacteria
dominate with archaea (Bar-On et al., 2018; Fierer, 2017; Flemming and
Wuertz, 2019). Almost all microorganisms are attached to the substrate,
as between 20 % and 80 % would be part of a biofilm (Flemming and
Wuertz, 2019; Konhauser, 2007). Biofilms within the pore network have

* Corresponding author.
E-mail address: laurenz.schroer@ugent.be (L. Schroer).

https://doi.org/10.1016/j.watres.2025.124152

stratum by, e.g., acid production and redox reactions that could induce
mineral dissolution or precipitation (Ehrlich, 1999; Schroer et al.,
2021). Their growth alters fluid transport, including flow paths and
velocities, as the biofilms themselves or produced metabolites (e.g.,
calcium carbonate precipitation or gas production) can obstruct the pore
space and induce bioclogging, reducing the hydraulic conductivity and
permeability (Baveye et al., 1998; Carrel et al., 2018; Karimifard et al.,
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2021; Schroer et al., 2022a). Furthermore, biofilms can change the ge-
ometry and topography of the surfaces and the wettability (Karimi et al.,
2012; Schroer et al., 2022a) and the surface charge (Walker et al., 2004).
The biofilms’ location, extent, and composition depend on the physical
and chemical properties of the porous medium and environmental
conditions. It includes the pore structure in general, such as the porosity,
pore size distribution, and surface roughness, but also the mineralogy,
water content, pH, temperature, etc. (Miller et al., 2012; Schroer et al.,
2021).

Microorganisms and biofilms can positively impact numerous eco-
nomic and environmental processes. They can be used to bioremediate
groundwater (Coombs et al., 2010; Meckenstock et al., 2015), clean
wastewater (di Biase et al., 2019), produce drinking water (Bai et al.,
2023), stop the spreading of pollution (Kalin, 2004) or carbon dioxide
sequestration (Ebigbo et al., 2010). Furthermore, they can contribute to
protecting and restoring building materials (De Muynck et al., 2010;
Schroer et al., 2022a, 2021). However, they can also have a negative
impact as some microorganisms can induce biodeterioration of building
materials (Schroer et al., 2022b, 2021, 2020). Some bacteria could even
be dangerous when they spread, e.g., in groundwater (Pedley and
Howard, 1997), or biofilm formation in catheters can cause infections
(Pelling et al., 2019).

Concerning the impact biofilms can have on porous materials, it is
essential to study their occurrence and understand their influence on the
pore system and how the pore system affects the biofilms. There are
numerous tools to visualize biofilms at the surface, such as optical mi-
croscopy, scanning electron microscopy (SEM), cryo-SEM, environ-
mental SEM or confocal laser scanning microscopy (Azeredo et al.,
2017). Visualizing biofilms inside opaque porous media is much more
challenging. Hence, multiple theoretical models were developed to
describe biofilm growth and their effect on fluid transport (e.g.,
(Pintelon et al., 2009; Qin and Hassanizadeh, 2015; Schulz and Knabner,
2017). However, empirical evidence is necessary to validate these
models. Most studies were limited to one or two dimensions. 1D flow
fields were studied using column experiments (Vandevivere and Baveye,
1992), while 2D flow fields were studied by developing microfluidic
devices (Hassanpourfard et al., 2016; Singh et al., 2017). 1- and 2D
experiments simplify reality, and current research should study biofilms
in 3D on natural heterogeneous materials.

Only a few methods can visualize biofilms within porous media in
3D. These include optical coherence tomography (OCT) and Magnetic
Resonance Imaging (MRI). However, these techniques have limitations
as OCT is limited to transparent materials (Wagner and Horn, 2017) and
MRI has long acquisition times, in the order of several hours, and a
limited resolution of around tens of micrometers (Caizan-Juanarena
et al., 2019). Another possibility is micro-computed tomography (uCT),
which can non-destructively visualize non-destructively opaque mate-
rials in 3D and is suited to study pore-scale processes. Depending on the
settings, it can retrieve micrometer resolutions in a reasonable time (i.e.,
minutes or even seconds) (Bultreys et al., 2016; Cnudde and Boone,
2013; Withers et al., 2021).

The main challenge for absorption uCT in biofilm research is the lack
of contrast between the biofilm and the surrounding water phase. Bio-
films contain about 97 % water (Flemming et al., 2016) and are
composed of light elements such as C, H, O, N, S and P. It results in
similar X-ray attenuation between the biofilm and water phase.
Contrast-enhancing staining agents (CESAs) could be applied to over-
come this issue. CESAs are compounds that should be able to interact
with biological material and contain heavy metals in their structure that
can attenuate X-rays to induce contrast. Ideally, they also need to be
soluble in the preferred solvent, not irreversible change the micro-
structure of the organic compound, have varying affinities towards
organic materials, have short staining times, be non-toxic and easy to
synthesize or commercially available (Balcaen et al., 2025). Multiple
CESAs proved to be successful in visualizing biofilms, including barium
sulfate (BaSO4) (Davit et al., 2011), silver-coated microspheres (Iltis
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et al., 2011), iron sulfate (FeHSO4-7H20) (Carrel et al., 2017), 1-chloro-
naphtalene (Ivankovic et al., 2016; Rolland du Roscoat et al., 2014),
iohexol (Tang et al., 2023) or Alcian blue (Zhang et al., 2018). However,
several have drawbacks related to, e.g., toxicity (e.g., 1-chloronaphta-
lene), the fact that several do not stain the biofilm but the water phase
with particles that can sediment and influence the fluid’s viscosity (e.g.,
barium sulfate and silver-coated microspheres), ease of use (e.g., iron
sulfate), etc. Moreover, research is limited, as none of the aforemen-
tioned CESAs are routinely used to visualize biofilms.

Therefore new easy to use and stable CESAs are necessary. In pre-
vious research by Schroer et al. (2024), isotonic Lugol’s iodine solution
(referred to as isotonic Lugol) and Hf-WD 1:2 POM (1:2 hafnium
(IV)-substituted Wells-Dawson polyoxometalate Ki6[Hf
(0t2-P2W17061)2]-19H20) successfully enhanced the contrast of cyano-
bacterial biofilms colonizing sandstone, allowing even the visualization
of internal features and/or filaments of the cyanobacterial biofilm.
Within this study, the use of isotonic Lugol and Hf-WD 1:2 POM will be
further explored to image the biofilm’s location. It is not the goal to
visualize the biofilm growth within the same sample over time. pCT is
non-destructive, but these stains are expected to kill and inhibit further
biofilm growth, and X-ray radiation can have a sterilizing effect. If
biofilm growth needs to be studied over a longer time in the same
sample, other CESAs could be further explored (e.g. iron sulfate (Carrel
et al., 2017)).

Isotonic Lugol and Hf-WD 1:2 POM will be evaluated on biofilms
colonizing the pore space of field-derived sand filters used in water
treatment plants. This research stands out by visualizing biofilms in
opaque materials that consist of heterotrophic bacteria. Biofilms play a
crucial role in such systems, particularly in slow sand filtration, on
which a bioactive layer is formed called the Schmutzdecke that en-
hances microbial degradation of organic matter and facilitates pathogen
removal through predation, competition, and adsorption, thereby
improving filtration efficiency (Dullemont et al., 2006; Maiyo et al.,
2023). As biofilms develop, they alter pore and grain size distribution,
creating preferential flow paths that affect fluid dynamics and particle
transport within the media. Excessive biofilm growth can clog pore
spaces, reduce flow rates, and increase hydraulic resistance, necessi-
tating Schmutzdecke removal or backwashing, which raises operational
costs and downtime (Samari-Kermani et al., 2024). In slow sand filters,
uCT could provide a non-destructive means to determine the location of
the biofilm, grain and pore size distribution, biofilm penetration depth,
and identify clogged pore spaces and biofilm structures. All these in-
sights are critical for understanding removal mechanisms and support-
ing macro-scale experimental observations. However, the biofilm needs
to be visible. Therefore, samples from slow sand filters will be used to
determine if these CESAs can visualize biofilms within opaque materials
and to demonstrate their practical use in the field. Numerous measure-
ments on triplicates will be performed to assess the stability of the
CESAs, determine the optimal staining time, and evaluate whether
washing to remove unattached CESAs can improve the results. These
results will be verified by BaSO4 particles (according to Davit et al.,
2011) and Scanning Electron Microscopy (SEM).

2. Materials and methods
2.1. Materials

The CESAs were chosen based on previous work on visualizing
cyanobacterial biofilms colonizing sandstone by Schroer et al. (2024). In
that study, five different CESAs: Isotonic Lugol, Hexabrix®, Hf-WD 1:2
POM, Mono-WD POM and CA4-+ were evaluated. They contain all heavy
elements, can be dissolved in water and represent a wide variety,
including both organic and inorganic molecules with positive and
negative charges and a large variety in molecule sizes (Balcaen et al.,
2025). They are known to enhance the contrast of different tissues,
which have similar primary constituents (Woodard and White, 1986 as
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biofilms. Isotonic Lugol and Hf-WD 1:2 POM were the most successful
and selected for this study. Isotonic Lugol was used to stain respectively
muscle tissue (Jeffery et al., 2011) and ligaments (Balint et al., 2016).
Moreover, iodine species are known to interact with a large number of
biomolecules, such as proteins (Early et al., 2020), lipids (Palumbo and
Zullo, 1987) and polysaccharides (Moulay, 2013). Lugol’s iodine is an
aqueous solution of iodine and potassium iodide, which are in equilib-
rium with triiodide (and other iodine species to a lesser extent). This
multifunctional stain can increase the attenuation of lipids by dissolving
hydrophobic iodine in lipid pockets and can subsequently react with
unsaturated double bonds to form reversible covalent bonds. Moreover,
it can interact with proteins, and more specifically, activated aromatic
amino acids, by forming a stronger covalent bond. Lastly, all iodine
species can interact with biomolecules through non-covalent in-
teractions (Balcaen et al., 2025; Early et al., 2020; Gignac and Kley,
2014). Hf-WD 1:2 POM successfully stained murine long bones and
kidneys (de Bournonville et al., 2020) and is known to interact strongly
with proteins. POMs can interact with proteins by charge-charge,
hydrogen bonding and van der Waals noncovalent interactions, as
well as coordinate and covalent binding (Salazar Marcano et al., 2023).

Isotonic Lugol solution (155.99 mM KI and 51.01 mM I,) was pre-
pared by dissolving 12.948 g KI and 6.474 g I, in 500 mL MilliQ water. It
was diluted with PBS (10 mM) at a 1:1 ratio. A solution isotonic towards
biological tissues was used to minimize the adverse effects of Lugol’s
iodine on the biofilms (de Bournonville et al., 2019). Hf-WD 1:2 POM
was prepared by dissolving 35 g/L Hf-WD 1:2 POM in a PBS (10 mM)
solution (de Bournonville et al., 2020). The Hf-WD 1:2 POM was syn-
thesized in-house according to literature procedures (Ginsberg, 1990;
Kato et al., 2006). Purity was confirmed by 31P NMR (calibration of the
spectrum with an 85 V % H3PO,4 solution external reference and com-
parison of NMR chemical shifts with literature). The BaSO4 (Guerbet)
solution was used in analogy to the experiments of Davit et al. (2011).
The solution had an initial concentration of 1 mg/mL BaSO4 but was
diluted in PBS to reach a final concentration of 0.33 mg/mL. It aimed to
increase the attenuation of the water phase and acted as a positive
control.

The experiments were performed on sand samples from the top of
filters of water treatment plants in The Netherlands. Four samples were
used for isotonic Lugol (Sample IL; — IL3 + ILggy), and four to test Hf-WD
1:2 POM (Sample Hf; — Hfs + Hfey), of which three samples were for
uCT and one for SEM. The experiment was performed in triplicate. The
filters consist of 1 to 2 m layers of sand, with on top a 3 cm deep bio-
reactive layer (Schmutzdecke), which was examined for these
experiments.

The IL samples were taken from slow sand filter 5B of Monster pro-
duction site, Dunea Water Company in The Netherlands. This filter had
an average grain diameter (d50) of 0.66 mm, and the flow rate was 0.49
cm/h. At the time of sampling, the filter had not been scraped in five
years. Hf samples were collected from slow sand filter 2 at Groningen
Water Company in The Netherlands. This filter had a sand length of 100
cm, with around 2 m of supernatant above, and the flow rate was 15-20
cm/h. Both IL and Hf samples were taken a few hours after draining the
filters, and the supernatant water was below the sand bed for the
scraping.

Periodically, the top centimeters of the slow sand filters need to be
removed due to the building up of head loss, a measure of clogging by
the biofilm. At this time, the filters could be sampled. The intact samples
were then kept at -20 °C until imaging. Although this might affect the
microbial community of the samples, the biofilm can still stay on the
grains. These samples were chosen as they were field-derived and
extensive biofilms should be present. Due to a limited number of sam-
ples, both CESAs could not be tested on material from the same site.
However, this should not be a problem, as research showed that diverse
and complex microbial communities occur within slow sand filters (Haig
et al., 2014). The microbial community of the Hf-WD 1:2 POM stained
samples is unknown, but the community of another sample of slow sand
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filter 5B that was also used to test isotonic Lugol was studied by Bai et al.
(2023).

2.2. Scanning electron microscopy (SEM)

Biofilm and sand grains were taken from one unstained replicate
sample (sample ILggy and Hfggy) to visualize the biofilms using SEM as a
ground truth. The biofilms were fixed in 2.5 % glutaraldehyde in PBS
(10 mM) to avoid drying out the biofilm and destroying the cells by the
vacuum of the SEM. Hereafter, they were dehydrated by an ethanol
dehydration series of 50, 75, 90 and 3 x 100 %. The samples were
imaged on the MIRA 3 TESCAN SEM system equipped with a Field
Emission Gun (FEG) at the Geology Department of Ghent University.
Back Scattered Electron Images (BSE) were taken to visualize the bio-
films. Line profiles and point measurements using energy-dispersive X-
ray spectroscopy (EDS (EDAX)) were taken to provide chemical
information.

2.3. Experimental procedure

Each replicate was used to test the different CESAs. The CESAs were
added to and removed from the sand samples using a simple flow setup,
shown in Fig. 1. The samples were preserved in syringes that were sealed
at the bottom. Solutions were added by attaching a tube at the bottom of
the sample connected to the syringe pump. The solution that percolated
through the samples could be drained by an outlet line if we used a flow
cell, but here it was removed manually from the top by a pipette. After
adding a solution, the samples were detached from the flow setup and
sealed at the bottom with a gum that allowed attaching them later again
to the syringe pump.

The experiment lasted five days per set of triplicates, during which
PBS, CESA solution, and BaSO4 were added, and six puCT scans were
taken. During these five days, all samples were stored at room temper-
ature. The scans of the triplicates were done on the same day but could
not be done simultaneously. The same sample order was maintained to
scan the samples relatively at a similar time.

Table 1 describes the detailed procedure. On Day 1, the biofilms were
defrosted and rehydrated using a PBS (10 mM) solution. After 1.5 and 2
h, a first uCT scan of every sample was taken as (ILy/Hfy Blank), with x
as the sample number ranging from numbers 1 to 3 for every sample.
Hereafter, the CESA solution was added. After around 18 — 21 h
(depending on the sample), on Day 2, pCT scans were taken (ILy/
Hf,_CESA), just as around 24 h later, on Day 3 (ILy/Hfy, CESA-+1d). On
Day 4, the samples were washed with PBS to remove the unattached
contrast agent. A series of two uCT scans were taken: one immediately
after washing with PBS (ILy/Hfy Washed) and one around 24 h later
(ILx/Hfx_Washed+1d).

500 pL subsamples of the isotonic Lugol were taken to measure the
pH since this can provide information on the occurrence of specific
chemical reactions. pH measurements were performed using a FiveEasy
pH meter F20 (Mettler Toledo) with pH microelectrodes (InLab®
Micro). The subsamples were taken after adding the CESA on Days 1, 2
and 3, and of the PBS solution around 24 h after removal of the unat-
tached CESA on Day 4.

Finally, a 0.33 mg/mL BaSO4 solution (Guerbet) was pumped
through the sample. Immediately after adding BaSOj4, the samples were
scanned one last time (ILy/Hfy_BaSO4,).

2.4. Acquisition of CT images and reconstruction

Only the top section, including the first millimeters of the sand filter
and some supernatant, was scanned, as this zone is the Schmutzdecke
with the highest biofilm concentration. All scans were performed using
the CoreTOM scanner (Tescan XRE), at the Centre for X-ray Tomography
(UGCT) at Ghent University, using binning 2. They were scanned at 90
kV, 15 W and a voxel size of 12.5 pm in X, Y and Z. 2142 projections
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Syringe pump 'y
CESA/PBS
- -

Fig. 1. (A) Picture of the setup, showing the syringe pump injecting isotonic Lugol in the sand samples containing the biofilms. (B) Schematic diagram of the in-

jection of either CESA or PBS through the sample using a syringe pump.

Table 1

Procedure of the experiment on the different days and the scans that were taken,
with their corresponding name between brackets with x corresponding to the
sample number ranging from 1 to 3.

Day Procedure
Day1l 1. Rehydrate the sample by pumping PBS at 5 mL/h
2. Take the first uCT scan (ILy/Hfy Blank)
3. Inject CESA, either isotonic Lugol or Hf-WD 1:2 POM, at 5 mL/h for 2 h
Day 2 4. Take pCT scan while submerged in the CESA (ILy/Hfy CESA)
Day 3 5. Take pCT scan while submerged in the CESA (IL,/Hf, CESA+1d)
Day4 6. Remove unattached contrast agent by pumping PBS at 10 mL/h for 75

min
7. Take pCT scan (ILy/Hf, Washed)
Day 5 8. Take uCT scan (ILy/Hf, Washed+1d)
9. Pump BaSO; in the samples at 2 mL/h until fully immersed
10. Take pCT scan (ILy/Hf, BaSO4)

were taken at an exposure time of 950 ms/projections. Furthermore, two
averages of each projection were taken to improve image quality (except
for ILy Blank, where only one average was taken). Low-energy X-rays
were removed using a 1 mm Al filter to reduce beam hardening. One
scan took about 75 min. The projection data were reconstructed using
the Panthera software (Tescan XRE), where a correction for beam
hardening and ring filters was applied. One exception was the last scans
after the addition of BaSO4. Preliminary testing showed that the BaSO4
particles rapidly sedimented, and therefore, the scan duration was
reduced to about 18 min. The 1 mm Al filter was kept, but the voltage
was increased to 120 kV and the power to 17.5 W, while the exposure
time decreased to 500 ms/projection, and only 1542 projections were
retrieved, using one average. The final voxel size was 17.5 ym in X, Y
and Z. The reconstruction parameters were identical between the trip-
licates to allow comparison.

2.5. Image analysis

Image analyses were conducted using Fiji and Avizo (Thermo Fisher
Scientific). At first, the different phases (biofilm, sand, liquid (PBS or
CESA), gas) were segmented in Fiji using Weka 3D segmentation
(Arganda-Carreras et al., 2017). Weka segmentation was necessary as
the loose sand grains moved between the scans, making differential
segmentation unfeasible. Furthermore, the complex nature of the sand
grains, with impurities, made simple thresholding very challenging.

The training dataset consisted of a small volume of 500 x 500 x 300
voxels, in which a small number of annotations were made for the
different phases. Segmentation results were obtained using an iterative
approach with the Weka training features: texture (mean, variance),
structures, and edges (canny edge detection). After the successful seg-
mentation of the training datasets, this was used to automatically
segment the whole puCT scan and the other replicates. It was performed
using a tiling algorithm to reduce the memory requirements

(Arganda-Carreras, 2018). Due to the different nature of the Hf and IL
samples and the liquids (PBS or CESA), six training datasets were made.
Three for each triplicate. One of each sample before adding the CESA
(ILy/Hfy_Blank), one of each sample after adding the CESA (ILy/Hfy -
CESA(+1d)), and one after washing the samples with PBS (ILy/Hfy -
Washed(+1d)).

The rest of the analyses were performed using Avizo. At first, the
internal part of the syringe, excluding the top and bottom slices, outer
plastic wall and outer air, was used as a mask over the Weka segmented
data. In the next phase, the average grey values and their standard de-
viation were determined for each phase, with their volume fraction, by
using the global analysis tool. Grey values were transformed to attenu-
ation coefficients by the slope and offset of the reconstructed images.

No Weka segmentation and analyses were performed after adding
the BaSQy4 particles.

3. Results and discussions
3.1. Scanning-Electron microscopy (SEM)

SEM was performed to confirm the presence and characterize the
biofilms. The BSE images indicated the sand grains and a disorganized
phase identified as the biofilm (Fig. 2A-D). ILggy contained biofilms that
mainly covered discrete parts of the grains (Fig. 2A). More biofilm was
visible in Hfggy, where several particles consisted solely of biofilm
(Fig. 2B), which was also more porous compared to the one of ILggy.

Elemental analyses by EDS should be interpreted with care, certainly
when only a low number of counts were acquired. EDS detected phos-
phor and/or sulfur in the amorphous mass identified as biofilms. This is
illustrated in Figs. 2E and 2F, where two line profiles show the elemental
distribution along the grain/biofilm interface. Furthermore, higher
concentrations of iron and/or manganese were found, just as calcium,
phosphor, silica, aluminum and sodium. These could originate from the
water that percolated through the sand filters.

Aluminum was not always present but was determined along some
line profiles (Fig. 2E, F). Aluminum could indicate the presence of clays,
which could interfere with the CESAs. Iodide could weakly interact with
clays and may concentrate in the area around the clay particle and
within the interlayer space (Miller et al., 2015). The interaction between
Hf-WD 1:2 POM and clays has not been studied in detail. However, the
low aluminum concentrations and the absence of clay-shaped minerals
assumed that even if clays were present, their effect was limited.

3.2. Micro-computed tomography
After the identification of the biofilms in between the sand grains,

the influence of both CESAs: isotonic Lugol and Hf-WD 1:2 POM was
assessed.
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Fig. 2. (A-D) BSE image of sand particles and a highly disorganized phase interpreted as biofilms, taken from ILggy (A, C) and HFsgy (B, D). (E-F) EDX line profiles
showing the detection (in number of counts) of K-edges of elements from the left to the right along the red dotted line of respectively (C) for (E) and (D) for (F). The
line profiles run from a zone with no visible biofilm on the left towards a zone covered by biofilms at the middle (E) or right (F). (E) shows the detection of Al, S, Ca,
P, K and Fe along a partially covered sand grain of sample ILsgp. The Si signal is not shown for visibility as its abundance was much higher (up to 5000 counts). (F)
shows the detection of K edges of Al, P, K, Ca, Fe, O, Mg, Na, Si, and Mn along a partially covered sand grain of sample Hfggm.
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3.2.1. Isotonic Lugol

Staining with isotonic Lugol had a substantial and consistent effect
on the visualization of the biofilm phase (Fig. 3) among all triplicates.
Within all the scans, three distinct phases were visible: Sand (highest
grey value), liquid (medium grey value), and occasionally some trapped
gas (lowest grey value) (Fig. 3A-E). The liquid phases consisted either of
PBS or isotonic Lugol and included the liquid on top and the filled pores.
Without applying the CESA, an extra phase was visible in the pore vol-
ume with a slightly higher grey value than the PBS solution (Fig. 3A). It
was interpreted as biofilm as its shape corresponded to the SEM images
(Fig 2A, C). It was surprising as a biofilm mainly consists of water
(Flemming et al., 2016), resulting in a similar grey value. However, its
relatively high attenuation was most likely linked to the presence of iron
as detected by SEM-EDX (Fig. 2E).

After adding isotonic Lugol (Fig. 3B), the biofilm phase became
better visible and obtained a higher attenuation coefficient, indicating
an interaction between the CESA and the biofilm phase. The same result
was observed after around another 24 h (Fig. 3C). Removing unattached
iodine species by washing the samples with PBS reduced the attenuation
of the biofilm phase and the liquid (Fig. 3D) while maintaining the
contrast. It further indicates an interaction strong enough to withhold
the iodine/iodide removal from the biofilm phase upon washing. No
substantial changes occurred after around 24 h, as scans of
IL_washed+1d were almost identical (Fig. 3E).

Finally, BaSO4 particles were added to verify the location of the
biofilm. However, before these scans, it was observed that the particles
quickly settled, which made it necessary to take faster and noisier scans
with a lower resolution. BaSO4 failed to detect the biofilms’ location
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(Fig. 3F). This was most likely caused by the high attenuation of the
BaSO4 that corresponded with the attenuation of the stained biofilm.
Moreover, there was already precipitation visible of the BaSO4, even
though the scan lasted only 18 min.

Besides visualizing the biofilms within the pores, the main goal was
to segment the biofilms, allowing further analyses. Segmentation was
performed on all scans except after adding BaSO4 using Weka. Weka
segmentation could segment the sand grains, liquid, gas, and biofilm
phases (Fig. 4B, D) by qualitative interpretation. Overall, the segmen-
tation was successful, but it encountered some misclassifications, e.g., in
identifying gas bubbles when the surrounding liquid consisted of PBS
instead of the CESA, and nearly touching sand grains were often clas-
sified as one. However, it could distinguish most of the stained biofilms.

The average attenuation coefficients of each Weka segmented phase
agreed with the qualitative observation described using Fig. 3. Fig. 4E
provides an overview of the results in a graph; the numeric data is
provided in Supplementary Information, Table S1. Initially (IL_Blank),
the difference between the attenuation coefficient of the biofilm (0.69 +
0.13) and the liquid (0.42 + 0.11) was minor, while the sand was the
most attenuating phase (1.38 + 0.25). The attenuation coefficients of
the sand phase varied, which was caused by the heterogeneity of the
sand with several highly attenuating (parts of) grains. Adding isotonic
Lugol (IL_CESA) increased the attenuation coefficient of the liquid phase
(to 0.66 + 0.11) and more than doubled the attenuation coefficient of
the biofilms (to 1.65 + 0.60). The high standard deviation suggests the
complexity of the biofilms, with some parts attenuating more than the
sand grains while others attenuating less. Almost no changes occurred
after an extra 24 h (IL_CESA+1d), and washing (IL_Washed) lowered the
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Fig. 3. (Parts of) horizontal uCT cross-sections of sample IL; through the upper part of the sand filter colonized by biofilms. The scans were taken (A) without adding
a CESA, (B) one night (around 18 h) after adding isotonic Lugol, (C) after around another 24 h, (D) Immediately after washing with PBS, (E) after around 24 h, and (F)
after adding BaSO, particles. The locations of the cross-sections in the images are not identical due to the internal movement of the sand grains between the scans.
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Fig. 4. Part of a cross-section of sample IL;, before (A) and after staining with isotonic Lugol (C), with the corresponding Weka segmented image (B) and (D) with the
sand phase in red, biofilm phase in green, surrounding liquid (either PBS or isotonic Lugol solution) in purple and gas in yellow. (E) Graph representing the average
attenuation coefficients and the standard deviations within the difference phases (n = 3) of the biofilm, surrounding liquid (either PBS or isotonic Lugol), sand and
gas phase. (F) Graph showing the average volume fraction of each phase with the standard deviation along the different scans (n = 3).

attenuation values of the biofilms (to 1.41 + 0.55) and the liquid (to
0.46 + 0.13) but did not have a substantial effect on the contrast.
Furthermore, isotonic Lugol seemed to remain attached to the biofilm as
no further considerable decrease in the attenuation coefficient of the
biofilm was observed after around 24 h (IL_Washed+1d), where the
average determined attenuation coefficient was 1.38 + 0.53.

The robustness of the different training datasets and the Weka seg-
mentation is illustrated by the volume fractions of the scans (Fig. 4E), of
which all the numbers can be found in the Supplementary Information
(Table S2). The data showed that the fraction of sand (between 0.490 +
0.022 and 0.474 + 0.018) remained relatively stable over the scans, as
expected. It also agrees with the observations in Fig. 3 that the attenu-
ation coefficient remained stable between the different scans. However,
these values should be interpreted carefully as the grains moved be-
tween the scans, and the top surface could slightly differ. However, some
changes occurred after the initial staining. As a striking result, Weka
classified almost double the amount of unstained biofilm in IL_Blank
compared to the stained biofilms of IL_CESA. The amount of classified
biofilm dropped from 0.067 + 0.005 to 0.038 £ 0.007. It resulted in a
higher volume fraction of the liquid phase (from 0.430 + 0.025 to 0.465

=+ 0.038), while the sand fraction remained similar. The uncertainty of
the correct segmentation of the unstained biofilm was higher, as the
contrast was much lower. However, after qualitative interpretation and
comparison with the SEM images, it was deemed acceptable and sug-
gested that in some instances, advanced segmentation algorithms such
as Weka can segment low-contrast biofilms. Lugol is known to induce
shrinkage of muscle tissues between 25 % and 65 %, depending on the
CESA concentration (Vickerton et al., 2013). Even an isotonic Lugol’s
iodine solution, optimized to avoid shrinkage caused by osmolality
differences in mammalian biological tissue specimens, induced
shrinkage in the past (Dawood et al., 2021; Maes et al., 2022). Its effect
on biofilm is unknown, but a similar effect was assumed on cyano-
bacterial biofilms in which isotonic Lugol revealed filaments (Schroer
etal., 2024). A decrease in pH can accompany shrinkage (Dawood et al.,
2021; Maes et al., 2022). In our experiment, the measured pH values
(Table S3 in supplementary information) fluctuated for the different
samples between 7.17 and 7.45. They remained relatively stable during
the experiment or even slightly increased for IL; from 7.22 to 7.41.
However, the amount of biomass might have been too small to reduce
the pH significantly, given that we work in a buffered system.
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3.2.2. Hf-WD 1:2 POM

The effects of Hf-WD 1:2 POM were comparable to those for isotonic
Lugol, but the attenuation enhancement was more moderate. There was
also no considerable variation between the triplicates, illustrating the
robustness of the CESA. The biofilm was very different compared to the
IL samples, most likely as it originated from another treatment plant.
Clumps of biofilm were present at the exterior above the sand surface
and visible to the naked eye. The results are presented in Fig. 5, showing
a part of a horizontal pCT cross-section during the different stages of the
experiment.

Before adding the CESA, the sand and the liquid phase were again
very well visible (Fig. 5A), together with some residual gas bubbles. The
sand phase was heterogeneous, with some grains having a higher
attenuation. Without CESA, the biofilm was again visible, with a slighter
higher grey value than the surrounding liquid. It was mainly visible
above the sand surface, while in between the grains, not much biofilm
could be distinguished. The biofilm corresponded to the visual obser-
vation by the naked eye and the SEM images (Fig. 2B). The contrast was
most likely induced by the presence of iron and/or manganese as
detected by SEM-EDX (Fig. 2F). Adding Hf-WD 1:2 POM made the bio-
film better visible above, but also in between the sand grains. It obtained
an attenuation coefficient between the surrounding Hf-WD 1:2 POM
solution and the sand grains. The biofilm phase was extensive and
similar to the SEM data (Fig. 2B). No substantial changes occurred
overnight after around 21 h (Fig. 5C), but some CESA precipitated and
formed a layer above the sand. The amount of precipitation was variable
and was the most pronounced in sample Hf; (Fig. 6A). The precipitate
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was visible on the uCT scan and as a white layer by the naked eye. The
precipitation could be caused by the decomposition of the CESA or an
interaction with one of the compounds. Hf-WD 1:2 POM reacted most
likely with a compound of the biofilm: Mono-WD POM, which is very
similar to Hf-WD 1:2 POM, is known to interact in the presence of cal-
cium (de Bournonville et al., 2020). calcium was also detected on the
biofilm by SEM-EDX. Interaction with the sand is less likely as it did not
precipitate in previous experiments with Bentheim sandstone (Schroer
et al., 2024). Washing the samples with PBS did not induce substantial
changes. The only difference was that the liquid was replaced with PBS,
became darker, and the biofilm seemed to become slightly darker as well
(Fig. 5D). Washing could not remove the precipitated CESA, and the
layer was even thicker (Fig. 6B). Everything remained stable after
around 24 h, and no further changes were visible (Fig. 5E).

The Hf-WD 1:2 POM-stained biofilm was not only successfully
visualized, but its internal structure featuring numerous channels, was
also revealed (Fig. 5B-E). This finding highlights the potential of uCT
and the CESAs for biofilm research. Although investigating the role of
these channels in biofilm development and the sand filter performance is
beyond the scope of this research, their importance is clear: they serve as
conduits for oxygen transport for sustaining the biofilm (Verma et al.,
2023; Wilking et al., 2013). These channels influence biofilm growth
and consequently impact fluid transport within the porous media, in this
case, the sand filter.

Adding BaSO4 could confirm the presence of the biofilms (Fig. 5F).
The biofilm on top could be easily distinguished as it remained dark as
the particles did not enter. However, just as in the IL samples,

Hf, CESA+1d
Hf-WD 1:2 POM

Fig. 5. (Parts of) Horizontal uCT cross-sections of sample Hf; through the sand filter colonized by biofilms. The cross-sections were taken near the top surface. The
scans were taken (A) without adding a CESA, (B) One night (around 21 h after adding Hf-WD 1:2 POM, (C) after around another 24 h, (D) Immediately after washing
with PBS, (E) after around 24 h and (F) after adding BaSO4 particles. The locations of the cross-sections in the images are not identical due to the internal movement

of the sand between the scans.
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Fig. 6. Vertical cross-section through Hf; at (A) Day 3 (Hf, CESA+1d) and (B) after washing at Day 4 (Hf,_Wash) showing the precipitated CESA on top of biofilm

and sand grains.

precipitation was already visible. Details were much less resolved, as the
channels in the biofilms were not well visible, and visualizing the bio-
films inside the pores did not always work. Furthermore, the scans of
Hf;_BaSO4 and Hf; BaSO4 had a lot of motion artifacts caused by the
downward movement of the sand in the syringe during scanning. The
motion was assumed to be linked to pumping the viscous BaSO4 solution
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through the sand just before the scan. Due to the bioclogging, the BaSO4
solution could not easily percolate through the sample and pushed the
sand upwards, which settled during scanning when no pumping
occurred.

Qualitative observations after Weka segmentation showed that it
could successfully segment the sand, liquid and gas phases (Fig. 7). It
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Fig. 7. Part of cross-sections of sample Hfs, before (A) and after staining with Hf-WD 1:2 POM (C), with the corresponding Weka segmented image (B) and (D) with
the sand phase in red, biofilm phase in green, surrounding liquid (either PBS or Hf-WD 1:2 POM) in purple and gas in yellow. (E) Graph representing the average
attenuation coefficients and the standard deviations within the difference phases (n = 3) of the biofilm, surrounding liquid (either PBS or Hf-WD 1:2 POM), sand and
gas phase. (F) Graph showing the average volume fraction of each phase with the standard deviation along the different scans (n = 3).
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experienced similar errors as described for isotonic Lugol. However, this
time, it could not fully segment the biofilm without CESA. The unstained
biofilm had a lower attenuation coefficient compared to the IL samples,
which could be related to lower Fe and/or Mn concentrations. Weka
could assign some of the biofilm laying on top of the sand correctly, but
the biofilm within the pores was not visible enough (Fig. 7B). More
biofilm could be segmented with Weka after adding CESA (Fig. 7D).
Qualitatively, the segmentation seemed successful, it was just unable to
capture all the fine channels within the biofilm, which could be solved
by further training and potentially higher resolution scans. Therefore, it
most likely overestimated the amount of biofilm and underestimated the
average attenuation coefficient of this phase, as shown by the graphs in
Figs. 7E and 7F. The values and standard deviation can be found in the
Supplementary Information, Tables S4 and S5.

The average attenuation coefficients of Fig. 7E showed a similar
pattern as with isotonic Lugol. The part of the biofilm phase that could
be assigned was initially (Hf Blank) very similar to the surrounding PBS
solution (0.44 + 0.08 vs. 0.40 + 0.11). Adding Hf-WD 1:2 POM
(Hf_CESA) more than doubled the attenuation coefficient of the identi-
fied biofilm phase from 0.97 + 0.12, and increased the attenuation co-
efficient of the solution to 0.70 + 0.08. However, the contrast was
enhanced significantly, and the attenuation coefficient of the biofilm
remained below the one of the sand phase (1.41 + 0.22). The effect of
Hf-WD 1:2 POM in these samples was smaller compared to isotonic
Lugol in IL_CESA, where an average attenuation coefficient of 1.65 +
0.60 was obtained. No considerable differences were observed over-
night, after around 24 h (Hf CESA+1d), so it was assumed that CESA
was quickly absorbed by the biofilm and remained stable afterwards.
Even though parts of the CESA precipitated, it did not affect the seg-
mentation. It is thus advised to scan rapidly after staining to avoid
precipitation, but no major problems are expected if it is not possible.
Washing the sand with PBS (Hf Wash) reduced the attenuation coeffi-
cient of the biofilm (0.72 + 0.11) and the liquid (0.44 + 0.11) again, but
the contrast remained similar. No relevant reduction in attenuation was
observed after 24 h (Hf Wash+1d).

The volume fractions of the sand phase (Fig. 7F and Supplementary
Information Table S4), ranging between 0.370 + 0.062 and 0.393 +
0.042, were relatively stable during the experiment and similar to the
observations in the IL samples. Comparing the fractions should also be
done with caution, as the sand grains moved between the scans. A larger
fraction was classified as liquid compared to the IL samples. More space
above the sand surface was included, as large pieces of biofilms were
present there. Furthermore, double the amount was classified as biofilm
after adding the CESA. The amount of biofilm increased from 0.064 +
0.005 in Hf Blank to 0.128 4+ 0.011 in Hf CESA, being the main cause of
the decrease in the fraction of the liquid from 0.555 + 0.059 to 0.466 +
0.042. It was linked to the biofilms within the pores that were invisible
without adding Hf-WD 1:2 POM. There might be some overestimation
due to Weka, which mostly classified the channels in the biofilm as
biofilm or swelling that could occur after using Hf-WD 1:2 POM, as
observed in the literature (Maes et al., 2022). After the addition of the
CESAs, no important changes occurred in the volume fractions of the
phases. These results confirmed the enhanced visualization of the bio-
film after staining and the stability of the induced contrast.

4. Conclusions and future perspectives

After the successful visualization of cyanobacteria at the surface by
isotonic Lugol and Hf-WD 1:2 POM (Schroer et al., 2024), this study
examined their use to stain heterotrophic biofilms colonizing opaque
porous media. Furthermore, it showcased their use and added value of
uCT for water research by successfully applying this technique to
field-derived sand filter samples. Applying isotonic Lugol and Hf-WD 1:2
POM was straightforward and performed fast and stable biofilm stain-
ing, even for Hf-WD 1:2 POM, where some precipitation occurred after
two days. The stain duration, overnight, between 18 and 21 h, was
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sufficient, and no positive effect was determined by increasing this time.
Most likely, the enhanced contrast was already obtained in the first hour
(s). Furthermore, the study showed that washing the unattached CESA
from the pore system is unnecessary to improve the contrast.

Both CESAs provide new opportunities for uCT to reveal biofilms in
opaque materials, where classical methods such as optical and confocal
laser scanning microscopy are limited. It will allow to directly visualize
in 3D the effect of biofilms in opaque porous media, such as sand filters,
rocks, catheters, etc., and can impact the hydrological, geological, in-
dustrial and even medical fields. They outperform the more traditional
BaSO,, showing more details and are more stable, avoiding compro-
mises related to the scan time and the resulting quality and resolution.
Furthermore, isotonic Lugol and Hf-WD 1:2 POM seemed not to affect
the fluid properties and should not cause abrasion and shear detach-
ment, which was observed by BaSO4 in a former study (Carrel et al.,
2017). The application of uCT is not limited to locating biofilms in 3D, as
the Hf-WD 1:2 POM stained biofilm (and to a smaller extent by BaSO4)
revealed the structure of the biofilm with channels.

Isotonic Lugol and Hf-WD 1:2 POM appear to be non-specific based,
based on both this and previous research on cyanobacterial biofilm
(Schroer et al., 2024). However, despite being tested on different sam-
ples, their effects varied. Isotonic Lugol provided a greater enhancement
in attenuation compared to Hf-WD 1:2 POM. Future research should
focus on the interaction between the CESAs and the biofilm. Different
CESAs could potentially be combined to stain distinct components of the
biofilms. Additionally, more specific CESAs should be explored to
selectively target particular parts of the biofilm. The amount of
shrinkage by isotonic Lugol and potential swelling by Hf-WD 1:2 POM
(Maes et al., 2022) should be investigated in detail, as it will hinder the
volume estimation of biofilms in porous media. It could be done by
visualizing biofilms at an outer surface with other microscopic tech-
niques, such as confocal microscopy, before and after staining. More-
over, the applicability of uCT to visualize the structure of biofilms should
be explored as it adds a third dimension to biofilm research. Therefore,
the interaction of CESAs and biofilm should be known. It is also rec-
ommended to enhance the resolution (e.g. by a smaller sample size) to
explore which details in the biofilm’s structure can be revealed. The
resolution in lab-based uCT systems is limited to a few hundred nm and
for many systems in the um range. Therefore, synchrotron experiments
might be necessary. Furthermore, the interaction with materials, such as
clays, should be investigated as well to confirm if these CESAs could be
used on materials, such as soils, as the CESA could potentially stain these
materials as well.

Future research should also apply these CESAs in the field to answer
scientific questions and make pCT a more standard technique to study
biofilms and their effects. It includes water research and water treatment
to assess the universality of the technique even more within these
samples and also in other fields such as geology, cultural heritage, en-
gineering, etc. Future research could also include a fourth dimension by
performing fast dynamic uCT experiments (e.g. to image how biofilms in
porous media affect fluid flow in real-time).
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