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ARTICLE INFO ABSTRACT

Keywords: Currently, biofilms colonizing surfaces are mainly imaged in 2D by conventional techniques, such as optical or
Contrast agents scanning electron microscopy. Confocal laser scanning microscopy or optical coherence tomography can visu-
uCT alize biofilms in 3D, but they suffer from a limited penetration depth and cannot visualize biofilms in opaque

Contrast-enhanced computed tomography
Microbial mats

Isotonic Lugol

Hf-WD 1:2 POM

materials. Micro-computed tomography (uCT) can overcome these issues, but pCT cannot easily distinguish
biofilm structures from water due to a lack of contrast difference. Within this research, five contrast-enhancing
staining agents (CESAs) were evaluated for their staining potential of cyanobacterial biofilms, aiming to visualize
these biofilms in 3D. Isotonic Lugol and 1:2 hafnium(IV)-substituted Wells-Dawson polyoxometalate (Hf-WD 1:2
POM) were the most promising, as they allowed visualization of the biofilms and revealed structures in the
stained biofilms. Staining with isotonic Lugol could clearly visualize bundles of filaments within the biofilm,
while Hf-WD 1:2 POM revealed a smooth biofilm. It is assumed that both CESAs have a different affinity towards
the biofilms and could thus be used complementary. Monolacunary Wells-Dawson polyoxometalate (Mono-WD
POM) showed moderate discrimination while staining with cationic iodinated CA4+ and Hexabrix® (Guerbet)
containing anionic ioxaglate did not allow to distinctly visualize the biofilms. These results indicate that uCT,
together with CESAs such as isotonic Lugol and Hf-WD 1:2 POM, can be used as a tool to image extensive biofilms
or microbial mats in 3D. Further research will determine whether these CESAs are suitable for visualizing bio-
films within opaque porous media.

(SEM), cryo-SEM, environmental SEM, and atomic microscopy. Most of
these techniques are limited to 2D, but CLSM and OCT preserve the 3D

1. Introduction

Around the world, mineral surfaces are colonized by microorgan-
isms. Often, they attach to the surface and form biofilms of cells
embedded in extracellular polymeric substances (EPS) [1]. It is impor-
tant to visualize biofilms on and inside materials to understand their
characteristics, their relationship with the substratum, and their effect
on the processes occurring on and within these substrata. There are
numerous microscopical techniques available to study biofilms,
including light microscopy, confocal laser scanning microscopy (CLSM),
optical coherence tomography (OCT), scanning electron microscopy

architecture of the biofilms. CLSM uses one or more lasers in the range of
visible or ultraviolet light and allows to eliminate fluorescent signals
that are out of focus [2,3]. OCT works with near-infrared light and can
determine the structure of biofilms in a similar way as ultrasound due to
the reflection of the radiation [4]. The main limitations of these tech-
niques are the limited penetration depth of a few hundred pm [4,5] and
the inability to visualize biofilms inside opaque materials.

CLSM and OCT are often suitable to determine biofilms colonizing
outer surfaces. However, biofilms can grow thicker than the light
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penetration depth of these techniques. This can occur amongst others
with cyanobacterial biofilms. When a surface is exposed to light, cya-
nobacteria are often pioneers in colonizing a new substratum. On these
surfaces, cyanobacteria can have important effects. On rocks, cyano-
bacteria affect the water transport properties, cause discoloration, can
induce CaCOs precipitation, or can even make holes and penetrate the
surface [6-8]. Cyanobacteria are also very abundant in the top layer of
soils, where they can form biological soil crusts (biocrusts) together with
green algae, lichens and mosses. Biocrusts can be found in almost any
climatic region and cover about 12% of the Earth’s terrestrial surface
[9]. They are mainly widespread in arid regions, where they have a key
function to stabilize soils with their EPS [10] and to fertilize the un-
derground [11]. Cyanobacteria can also be present in aquatic environ-
ments, where they can be part of thick biofilms and form microbial mats
consisting of horizontally stratified microbial communities. Their
structure is defined by physiochemical gradients. Microbial mats can
occur in hypersaline ponds, hot springs, oligotrophic environments or
intertidal coastal zones [12].

To visualize biofilms whose thicknesses exceed a few hundred mi-
crometers, micro-computed tomography (uCT) can be used [13,14]. uCT
allows 3D visualization and avoids the need for sectioning, which is
nowadays still performed to visualize thick biofilms or microbial mats
[15,16]. 2D sectioning only partially resolves the 3D microstructure, as
it is limited by its 2D nature and by a single sectioning orientation [17].
uCT exploits X-rays that can easily penetrate opaque materials and are
not hindered by the biofilms’ thickness. However, the main challenge
with pCT is the differentiation of biofilms from the liquid phase. Biofilms
consist of about 97% water, and EPS is mainly composed of poly-
saccharides, proteins, lipids and extracellular DNA [18,19], which
mainly consists of light elements such as C, H, O, N, S and P. This results
in little contrast difference with the water phase as the X-ray attenuation
coefficients of water and EPS are very close to each other. To overcome
this problem, contrast-enhancing staining agents (CESAs) can be applied
to provide contrast and visualize the biofilms. Some CESAs such as
barium sulfate (BaSO4) [20], silver-coated microspheres [21], 1-chloro-
naphtalene [22,23], iron sulfate (FeHSO4~7 H,0) [24], iohexol [25] or
Alcian blue [26] proved to be successful enhancing X-ray contrast.
However, research is very limited and several of these CESAs have
drawbacks, e.g. the mechanism of BaSOj, silver-coated microspheres
and 1-chloronapthalene is to stain the surrounding solution as they are
excluded from the biofilms. As observed in cartilage [27], it is expected
that a CESA bound to the biofilm induces a higher contrast difference
than when excluded. Furthermore, BaSOj is applied to the sample as a
suspension. The BaSOy4 particles sediment over time, resulting in a het-
erogeneous distribution and a density gradient in the puCT images.
Moreover, BaSO4 suspension is highly viscous and can alter the fluid
flow. It could even lead to shear stress and biofilm detachment.
Silver-coated particles have similar problems, while 1-chloronaphtalene
is hydrophobic and highly toxic, which could affect the biofilm and is
hazardous to work with. Advantages of Fe''S04-7 H,0 include that it is
non-toxic and maintains the integrity of the biofilm before imaging, but
it was only added during the cultivation of a biofilm in a tubular reactor
[24]. Staining with iron sulfate requires a lot of preparation and might
not be useful to study already full-grown biofilms or to use on micro-
organisms that do not oxidize ferrous iron on their own.

It is thus necessary to find other CESAs that allow visualizing bio-
films using uCT. The CESAs should be non-destructive, bind directly to
the biofilm, be easy to use and safe to work with. The study aims to find a
suitable CESA to visualize biofilms in 3D and determine whether they
even could be used to visualize structures within the biofilm. Finding an
appropriate CESA could enable uCT to be used in research on extensive
biofilms e.g. microbial mats, in 3D. Within this study, five CESAs were
tested and compared: an isotonic Lugol’s iodine solution (referred to as
isotonic Lugol), Hexabrix®, Mono-WD POM, Hf-WD 1:2 POM and
CA4+. These CESAs were chosen as they successfully enhanced the
attenuation of different tissues, which have similar primary constituents
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[28] as biofilms. These five CESAs were tested on cyanobacterial bio-
films grown on a stone surface. The study outcomes can serve for future
research aiming to visualize biofilms within opaque porous materials.

2. Materials and methods
2.1. Model microorganism and substratum

We used the freshwater model organism Phormidium autumnale
ULCO086 (also classified as CCALA 697), acquired from the Belgian Co-
ordinated Collections of Microorganisms (BCCM). They are photosyn-
thetic cyanobacteria belonging to the Oscillatoriales [29]. Members of
the genus Phormidium are filamentous, and this strain forms irregular
colonies of more or less parallel filaments (Fig. 1). Phormidium are
widespread colonizers of porous stones and adhere with EPS on the
substratum to form mat-like structures [30,31]. Due to their pigments,
the biofilms are also clearly visible to the naked eye. Phormidium
autumnale was chosen as the model organism as they form large fila-
ments with a length of hundreds of ums, the ability to form microbial
mats, fast growth and good durability.

As substratum, we chose Bentheim sandstone as it is a frequently
investigated porous stone from the Early Cretaceous [32]. It mainly
consists of quartz grains and contains only a limited amount of car-
bonates [33], which could precipitate the POMs [34]. Furthermore, it
consists of feldspars (5%) and authigenic clay minerals (3%) as acces-
sory minerals [33].

The biofilms of Phormidium autumnale were cultured on a natural
stone surface of cubes of Bentheim sandstone, with a size in the order of
1 cm. The cyanobacteria were initially cultured in an Erlenmeyer using
BG11+ . It consisted 0.075 g/L MgS04-7 H30, 0.036 g/L CaCly-2 Hy0,
0.006 g/L CgHgO7-H20, 0.001 g/L EDTA-2 H,0 (disodium salt), 1.5 g/L
NaNOs, 0.04 g/L KoHPO4-7 H,0, 0.015 g/L NaHCO3, 0.02 g/L NaCOs,
0.006 g/L (NH4)s[Fe(C¢H407)2] and 1 mL/L trace element solution
(2.9 g/L H3BOs3, 1.81 g/L MnCly-4 H,0, 0.22 g/L ZnSO4-7 H30, 0.39 g/
L NayMoO42Hy0, 0.08g/L CuSO4-5H,0 and 0.05g/L Co
(NO3)2-6 H0). Cultivation occurred at room temperature under an LED
strip. With a pipette, clumps of filaments bound together with EPS were
inoculated on the stone samples. Hereafter, the cyanobacteria were
further cultured on the bench for one week at ambient temperature. The
samples were hydrated by capillary water uptake, and twice fresh
BG11+ medium was added to the stone surface to provide nutrients.
Ilumination was again provided by an LED strip.

Fig. 1. Microscopic image of filaments of Phormidium autumnale ULC086
embedded in EPS.
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2.2. Contrast-Enhancing Staining Agents (CESAs)

The five tested CESAs were: Isotonic Lugol, Hexabrix®, Mono-WD
POM, Hf-WD 1:2 POM and CA4+. They have all been extensively used
to stain biological tissues in life sciences. Lugol’s iodine (I3KI) is one of
the most frequently used CESAs for muscle tissue [35] and allows the
visualization of ligaments [36]. An isotonic solution was used to limit
the adverse effects of Lugol’s iodine staining on the biofilms. [37,38].
Hexabrix® (Guerbet) contains the anionic ioxaglate. Due to the negative
charge, its concentration depends inversely on the negative charge of the
tissue. It was successfully used to image cartilage [39] and was available
for clinical use [40] (but not anymore). Mono-WD POM (monolacunary
Wells-Dawson polyoxometalate (POM)), ao-K19P2W17061-20 H2O
(a2-PoW17)) and Hf-WD 1:2 POM (1:2 hafnium(IV)-substituted Well-
s-Dawson POM Kjg[Hf(0p-PoW17061)2]-19 HoO) are two poly-
oxometalates (POMs) [41,42]. Previously, they have been successfully
applied to enhance the contrast of murine long bones and kidneys [34].
Finally, CA4+ has a net charge of approximately four on average at pH
= 7.4. It is an iodinated cationic CESA that was developed to improve
potential electrostatic interactions within cartilage tissue [43-45].

2.3. Staining procedure

The isotonic Lugol solution was prepared by dissolving 12.948 g KI
and 6.474 g I, in 500 mL MilliQ water. Isotonic Lugol (155.99 mM KI
and 51.01 mM I) and Hexabrix® (320 mgl/mL, 39.3 m/V% loxaglate
meglumine and 19.6 m/V% loxaglate sodium) were used undiluted,
while the other CESAs were dissolved in Phosphate-buffered saline
(PBS). This buffer is widely used in research and helps to maintain a
physiological pH. Mono-WD POM and Hf-WD 1:2 POM were prepared
according to the literature [34] containing a concentration of 35 g/L in
which 3 g/L LiCl was added for Mono-WD POM to increase the solubi-
lity. CA4 + was prepared with a concentration of 12 g/L. One biofouled
sample per CESA was immersed in the staining solution for two days at
room temperature, during which the samples were gently shaken at
40 rpm. Before image acquisition, the samples were gently washed in
PBS to remove (most of) the unattached CESA.

2.4. uCT image acquisition and analysis

The stained samples were imaged by the HECTOR scanner at UGCT
[46] using the PerkinElmer 1620 CN3 CS flat panel detector while they
were submerged in PBS. The scans were taken with a voxel size of 5.5 pm
at 55 kV, 10 W and in total, 2701 projections were taken at an exposure
time of 2 s/projection using one average. The projections were recon-
structed with Octopus Reconstruction (XRE) [47] according to the
in-house protocol during which noise, ring and beam hardening filters
were applied.

Analyses were performed using ImageJ and Avizo (Thermo Fisher
Scientific). For every sample, the biofilm on the top surface, the sur-
rounding PBS and the filled pores (excluding the gas phase) were
segmented over 1000 slices when the contrast difference allowed this.
From every phase, the average and the standard deviation of the gray
value were determined. These values were translated to attenuation
coefficients based on the slope and offset in gray values of the recon-
structed images. The thresholds for segmentation were manually chosen
to capture the different phases in the best way. They were kept constant
for all the samples, but slight variation occurred if necessary. The chosen
gray values can be found in the Supplementary information (Table S1).
Segmentation occurred on 3D median filtered images (26 neighborhood,
3 iterations). However, the attenuation coefficients themselves were
determined on the images without extra filtering. Since there was not
enough contrast difference between the biofilm and the filled pore
space, and the biofilm was assumed only to colonize the outer surface of
the stone, the attenuation coefficients of the filled pore space were
determined after the rock phase (including the pores) was masked. This
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was performed by segmenting the grains and using closing and fill holes
operations. The attenuation coefficients of the biofilm and the sur-
rounding PBS solution were determined from the inverted images
excluding the stone and its pores. From these images, a subvolume was
extracted containing the top of the biofilm. 3D renderings of the biofilms
covering the stones were generated using VGStudio 3.3 software (Vol-
ume Graphics).

Furthermore, at a later moment, one biofouled Bentheim sample was
imaged without incubation in a staining solution as a negative control.
Similar settings were used at the HECTOR setup at UGCT [46] but using
the XRD 4343CT detector (Varex), as the PerkinElmer detector was
already replaced. The scans were taken with a voxel size of 5.5 um at
55 kV, 10 W and in total, 3201 projections were taken at 2 s/projection
using one average. The projections were reconstructed in a similar way
using Octopus Reconstruction [47].

3. Results and discussion

3.1. Screening five CESAs based on the induced contrast of the biofilm
phase

Each sample was colonized with a green cyanobacterial biofilm on
the top and sometimes on the sides, which was visible to the naked eye.
Incubation in the different CESA solutions did not induce any visible
reaction or precipitation on the biofilm or stone substratum (Fig. 2),
except for the red isotonic Lugol solution, which also colored the biofilm
brown/red, even after washing in PBS.

For all CESAs, uCT could visualize a phase that could be interpreted
as the biofilm. Biofilms were interpreted as the phase on the stone sur-
face with an attenuation higher than the surrounding PBS and gas but
lower than the mineral grains. However, the contrast difference between
the biofilm and the other phases varied between the CESAs. Fig. 3 shows
for each CESA a cross-section through the sample parallel to the top of
the Bentheim sandstone covered with biofilm. It reveals four different
phases: the stone, surrounding PBS, biofilm and gas bubbles. The gas
bubbles were trapped within the pores as residual gas (air) and in the
biofilm phase, which most likely had a biogenic origin. Staining biofilms
with isotonic Lugol (Fig. 3A) and Hf-WD 1:2 POM (Fig. 3D) induced the
highest visible contrast difference between the biofilm and the sur-
rounding phase. The biofilms were clearly visible, suggesting that scans
with a shorter acquisition time using a higher energy and shorter
exposure time should also be successful. The biofilm was also distinc-
tively visible after using Mono-WD POM (Fig. 3C), and to a lesser extent,
when CA4+ was used (Fig. 3E). Even without using a CESA, biofilm was
visible (Fig. 3F). However, the contrast difference was very low, except
on the outer side, where some highly attenuating spots were visible that
could be the result of inorganic precipitates from the growth medium.
The results of Hexabrix® were similar to the blank: some biofilm was
visible, but the contrast was minimal (Fig. 3B). The experimental pro-
tocol might not be optimal for Hexabrix® as it might have leached out
during the washing of the sample with PBS [48].

The average attenuation coefficients of the biofilm, surrounding PBS

Fig. 2. Bentheim sandstone covered with Phormidium autumnale two days after
submergence in the different CESAs. From left to right: Isotonic Lugol, Hex-
abrix®, Mono-WD POM, Hf-WD 1:2 POM and CA4+.
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Fig. 3. Horizontal pCT cross-sections through the top surface of Bentheim sandstone covered with biofilms of Phormidium autumnale submerged in PBS solution. The
scans were taken after staining with (A) isotonic Lugol, (B) Hexabrix®, (C) Mono-WD POM, (D) Hf-WD 1:2 POM, (E) CA4+ and (F) blank, visualizing the phases
interpreted as PBS, stone, biofilm and gas. Using ImageJ, the brightness/contrast was adjusted and a median filter (radius = 2 pixels) was applied to enhance the
visualization. (G) The average attenuation coefficients and standard deviation within the different phases for each sample (n = 1) of the biofilm, surrounding PBS and

filled pores (excluding the gas phase).

and the filled pores (excluding residual gas bubbles in the pore space)
phases were determined. However, the X-ray contrast difference be-
tween the biofilm and the filled pore space was small. Therefore, solely
the parts of the biofilms on top of each sample with enough contrast
difference were segmented. We assumed the cyanobacteria colonized
the outer surface of the stone, as previous research on Phormidium
autumnale [6] showed that the bacteria do not deeply colonize the pore
space and generally remain at the surface. The results are shown in
Fig. 3G (the gray values and attenuation coefficients can be found in the
supplementary information Tables S2 and S3). Biofilms stained with
isotonic Lugol and Hf-WD 1:2 POM had an average attenuation coeffi-
cient respectively 74% and 73% higher than the surrounding PBS.
Mono-WD POM and CA4+ also increased the attenuation of the biofilm

but to a lesser extent, resulting in respectively 62% and 39% higher
average attenuation coefficients compared to the surrounding PBS. In
the case of CA4+, this number is indicative as it was hard to segment the
biofilm stained with CA4+. Also, It was most likely not possible to
segment the complete biofilm, making the analysis uncertain. Hex-
abrix® was the least successful in providing good X-ray contrast, but it
might have been washed out. Biofilms were present on the samples
stained with CA4+ and Hexabrix® as they were visible by the naked eye,
but they could not be segmented based on attenuation differences.
Segmenting the filled pore space was complicated due to the large
variety of attenuation within the pore space. It was most likely caused
due to microporosity and the presence of most likely clay, which occurs
in Bentheim sandstone [33]. Only a conservative segmentation was used
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to avoid as much as possible the inclusion of those phases. However,
overall, the pores filled with PBS still contained a higher attenuation
coefficient (Fig. 3G) than the biofilms. The different attenuation within
the pores are also visible in the vertical cross-sections shown in Figs. 4A
and 4B. The higher attenuation coefficient within the pores could be
related to the CESAs that remained in the pore system after washing or
the interaction of the CESA with the material (e.g. clays). An extra scan
before adding the CESA should be taken when biofilms are expected to
be present in a rock or other material with such a complex pore system.
It would allow us to visualize the zones where the attenuation value
increased, which could be linked to the presence of biofilms. When
blanks are included, it will be possible to assess if there is any interaction
with the material.

3.2. Visualization of cyanobacterial biofilms with isotonic Lugol and Hf-
WD 1:2 POM

Biofilms acquired the highest attenuation after using isotonic Lugol
and Hf-WD 1:2 POM. Additionally, these CESAs revealed the biofilm
differently. Isotonic Lugol visualized a heterogenous biofilm organized
in clear elongated linear structures with a higher X-ray attenuation
(Figs. 3A, 4C). These were similar in size and shape to the filaments of
Phormidium autumnale. These structures were interpreted as (bundles of)
cyanobacterial filaments. As far as we know, this is the first time that a
laboratory-based CT system visualized cyanobacterial filaments, as
previous successful visualization was limited to the use of a synchrotron
source of X-rays [49]. A similar observation was made after staining

Isotonic lugol

Biofilm

A o
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with Mono-WD POM (Fig. 3C). However, these structures were less
clear, and this CESA will not be further discussed. There were also zones
within the biofilm stained with isotonic Lugol that did not contain linear
structures, which could be interpreted as the EPS phase (Fig. 4C). Hf-WD
1:2 POM, on the other hand, visualized a smooth biofilm with some parts
containing higher X-ray attenuation (Fig. 3D). These were arranged in
specific patterns and not randomly spread within the biofilm (Figs. 4B
and 4D). It indicates that Hf-WD 1:2 POM visualized some internal
features.

Besides visualizing features within the biofilms after using Isotonic
Lugol and Hf-WD 1:2 POM, zones were identified that had a very low to
almost no X-ray attenuation (Fig. 4). The zones within the biofilm with
almost no attenuation were filled with trapped gas. It is assumed that
this was biogenic gas consisting most likely of oxygen produced during
photosynthesis or gas produced by the degradation of organic material.
Such gas bubbles are commonly observed with cyanobacterial microbial
mats, that could even deform sediments [50-52]. Gas was also present
within the pore space, but these were residual gas bubbles trapped in the
pores after submergence. Other zones within the biofilm had an atten-
uation similar to PBS and were interpreted as this phase. These zones
looked like gaps within the biofilm phase and could result e.g. from
biogenic gas production, which was filled with PBS after the gas
escaped. It is mainly visible in the vertical cross-sections in Figs. 4A and
4B above the stone surface, indicated by PBS below the biofilm. It is also
visible in Fig. 4C around the gas bubbles. It indicates that there was only
a limited attachment of the biofilm to the stone substratum. Gaps within
the biofilm could explain the easy detachment observed in previous

Hf-WD 1:2 POM

Structural element

<€ Structural element

Fig. 4. pCT cross-section in the y-direction (A), (B) and zoomed horizontal cross-section (C), (D) of Bentheim sandstone covered with biofilms of Phormidium
autumnale, submerged in PBS and stained with (A), (C) isotonic Lugol and (B), (D) Hf-WD 1:2 POM. The cross-sections show structural elements inside the biofilm and
trapped (biogenic) gas. The pores of the sandstone were filled with PBS or residual gas bubbles. Some filled pores contained a relatively high attenuation, which is
most likely linked to microporosity and clays. Fig. 4C shows within the biofilm filaments similar to Phormidium autumnale and more homogenous stained zones,
interpreted as potential EPS. Using ImageJ, the brightness/contrast was adjusted to enhance the visualization, but no extra filtering was applied.
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work [6]. However, we cannot exclude the possibility that some zones in
the biofilms remained unstained or were potentially destained by
washing.

3D rendering of the biofilms stained with isotonic Lugol and Hf-WD
1:2 POM (Fig. 5) allowed visualization of the biofilm architecture in 3D.
The 3D rendering and the cut through the biofilm revealed structures
when isotonic Lugol was used (Fig. 5C), which was hard to see in 2D
cross-sections (Figs. 3 and 4). Furthermore, isotonic Lugol made the
network of (bundles of) filaments visible (Fig. 5A). It shows that these
filaments covered mainly the outside of the biofilm, while deeper the
EPS phase was most likely present. It is similar to that observed with
Phormidium autumnale under SEM during previous research [6], where
the filaments were on top while EPS covered the surface. Hf-WD 1:2
POM (Figs. 5B and 5D) revealed a smooth biofilm with clear structures
following the observations in Figs. 3 and 4. Overall, the structure shown
after staining with Hf-WD 1:2 POM was less detailed than when isotonic
Lugol was used.

Isotonic lugol

Biofilm

Structural

s O S T
A8
w’g"fi&ﬁ{, > 7N

SR
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3.3. Discussion on the interaction of isotonic Lugol and Hf-WD 1:2 POM
with the biofilm

Isotonic Lugol and Hf-WD 1:2 POM led to a different visualization of
the biofilm. The structures that became visible in the biofilms assume
the presence of microporosity or a different composition in some parts of
the biofilm to which the CESA has a different affinity. The hyperintense
visualization of the bacterial filaments and some structural elements
indicate that isotonic Lugol and Hf-WD 1:2 POM have increased affinity
towards (some of) these structures. POMs are known to interact strongly
with proteins [53], amongst others, while a plethora of interaction
mechanisms for iodine species, present in Lugol’s iodine solution, with
biomolecules (e.g. lipids [54], proteins [55] and polysaccharides [56])
exist. Moreover, Fig. 4 indicates that the affinity differs for different
regions within the biofilm for the different CESAs. It suggests that both
CESAs might be used complementary to each other. In the case of
isotonic Lugol staining, the clear visualization of filaments could be the
result of a synergistic effect between an increased affinity of iodine

Hf-WD 1:2 POM

Fig. 5. 3D rendered volumes showing Bentheim covered with biofilms in which the PBS and gas bubbles were made invisible. (A) and (C) show a biofilm with its
(bundles of) filaments stained with isotonic Lugol, while (B) and (D) show a biofilm after staining with Hf-WD 1:2 POM. (C) and (D) show a render where a cut was
made through the biofilm on top, revealing structural elements.
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components for the filaments and a potential shrinkage of the EPS and
filaments [57,58]. Shrinkage could occur despite the isotonicity of the
Lugol [38]. Shrinkage could increase the space between the filaments
and could enhance visualization. However, it might alter the structure
and would be a limitation when quantitative observations are required.
In the case of Hf-WD 1:2 POM staining, the filaments were not clearly
visible, but some structures became hyperintense. Hf-WD 1:2 POM could
cause swelling [38], which was also reflected in the fact that a smooth
surface was obtained upon staining with this CESA. It might make it
more difficult to distinguish biofilms within water and for quantitative
analysis of the biofilms. However, Hf-WD 1:2 POM might preserve the
structure better. It is worth studying if freezing opens the spaces be-
tween filaments and enhances visualization using cryogenic
contrast-enhanced pCT, as described by Maes et al. [38].

4. Conclusions and future perspectives

Five CESAs were tested, aiming to non-destructively visualize cya-
nobacterial biofilms in 3D using pCT in a lab environment. Isotonic
Lugol and Hf-WD 1:2 POM were the most promising CESAs, as the
stained biofilms were visible using uCT and had the highest contrast
compared with the surrounding PBS solution. Moreover, they revealed
structural elements within the biofilm that would have remained
otherwise invisible. For isotonic Lugol, these included the clear visual-
ization of cyanobacterial filaments, which were (in our knowledge)
visualized for the first time with lab-based pCT. Furthermore, Both
CESAs seem to have different affinities towards the biofilms and could
be used complementary. Besides these two CESAs, Mono-WD POM
resulted in a moderate contrast enhancement. The effects of Hexabrix®
and CA4+ during these experiments were limited, as the biofilms
remained hardly visible, and it seemed not to stain the complete biofilm.
Overall, the results showed that uCT provides new opportunities to
image microbial mats and thick biofilms in 3D in a lab infrastructure
without the need to section the biofilms. They are also promising to
visualize biofilms in opaque materials in 3D.

Future research should focus on the interaction of these CESAs with
biofilms and the alterations, including shrinkage and swelling, they
might cause. Moreover, it should be tested if isotonic Lugol and Hf-WD
1:2 POM interact differently with other groups of bacteria and can show
e.g. the structure within heterogenous communities within microbial
mats. Future work could also focus on the optimization of the staining
protocol, e.g. washing the sample in PBS might not be ideal for all
studied CESAs. Furthermore, these CESAs should be tested on hetero-
trophic bacteria colonizing the inner pore space of opaque materials, as
their presence remains difficult to visualize, just as the interaction be-
tween the CESA and the porous material itself. If successful, these CESAs
can help our understanding of the effects of biofilms in geological or
industrial processes and even be applied in the medical field.
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