Biofilm 8 (2024) 100235

Contents lists available at ScienceDirect

Biofilm

Biofilm

FI. SEVIER

journal homepage: www.sciencedirect.com/journal/biofilm

Relaxation-weighted MRI analysis of biofilm EPS: Differentiating
biopolymers, cells, and water

Matthew R. Willett ", Sarah L. Codd "™, Joseph D. Seymour *“, Catherine M. Kirkland ““

@ Department of Chemical Engineering, Montana State University, Bozeman, MT, United States

Y Department of Mechanical & Industrial Engineering, Montana State University, Bogeman, MT, United States
¢ Department of Civil Engineering, Montana State University, Bozeman, MT, United States

d Center for Biofilm Engineering, Montana State University, Bozeman, MT, United States

ARTICLE INFO ABSTRACT

Keywords: Biofilms are a highly complex community of microorganisms embedded in a protective extracellular polymeric
Biofilm substance (EPS). Successful biofilm control requires a variety of approaches to better understand the structure-
MRI function relationship of the EPS matrix. Magnetic resonance imaging (MRI) is a versatile tool which can measure
Ell)v?R spatial structure, diffusion, and flow velocities in three dimensions and in situ. It is well-suited to characterize
AGS biofilms under natural conditions and at different length scales. MRI contrast is dictated by T; and T relaxation

times which vary spatially depending on the local chemical and physical environment of the sample. Previous
studies have demonstrated that MRI can provide important insights into the internal structure of biofilms, but the
contribution of major biofilm components—such as proteins, polysaccharides, and cells—to MRI contrast is not
fully understood. This study explores how these components affect contrast in T;-and T2-weighted MRI by
analyzing artificial biofilms with well-defined properties modeled after aerobic granular sludge (AGS), compact
spherical biofilm aggregates used in wastewater treatment. MRI of these biofilm models showed that certain gel-
forming polysaccharides are a major source of Ty contrast, while other polysaccharides show minimal contrast.
Proteins were found to reduce T, contrast slightly when combined with polysaccharides, while cells had a
negligible impact on T, but showed T; contrast. Patterns observed in the model biofilms served as a reference for
examining T, and T;-weighted contrast in the void spaces of two distinct AGS granules, allowing for a qualitative
evaluation of the EPS components which may be present. Further insights provided by MRI may help improve
understanding of the biofilm matrix and guide how to better manage biofilms in wastewater, clinical, and in-
dustrial settings.

1. Introduction

Biofilms, a consortium of bacteria ensconced in a sticky slime, have
existed for billions of years. Nonetheless, in 2019, global leaders in
biofilm research boldly declared biofilms were suffering from an
“identity crisis” [1]. This uncertainty is not related to the contradictory
impacts that biofilms have across multiple sectors; many biofilms cause
deadly infections and foul equipment, while others can be harnessed for
beneficial purposes, such as biological wastewater treatment. Rather,
the identity crisis lies with the slime, more technically termed the
extracellular polymeric substances (EPS). The microbially-produced EPS
consists of a complex mixture of extracellular DNA, proteins, lipids, and

polysaccharides, and is crucial for understanding how biofilms operate
[2-4]. However, surprisingly little is known about the identity, function,
and distribution of individual components inside this complex matrix,
leaving questions such as how deadly biofilms resist antimicrobial
treatment, or how to optimally grow wastewater biofilms, incompletely
understood.

1.1. Magnetic resonance imaging
To increase the scientific community’s understanding of biofilm EPS,

researchers called for improved extraction processes to isolate and
identify individual biomolecular components [1]. However, this
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approach is prone to bias, as different solubilization methods can alter
the EPS composition. Therefore, imaging tools are integral to confirm
the identity of the EPS as well as to observe how EPS components are
spatially distributed throughout the biofilm matrix. Viable approaches
include confocal laser scanning microscopy (CLSM), Fourier transform
infrared (FTIR) imaging, Raman spectroscopic imaging, scanning
transmission X-ray (STXR) microscopy, and mass spectrometry imaging
(MSI) [1]. Since this 2019 call for action, advances in the aforemen-
tioned methods have led to many breakthroughs in EPS characterization
[5]. Noninvasive, label-free magnetic resonance imaging (MRI) com-
plements these techniques by studying the structure and function rela-
tionship of biofilm EPS components without being limited by biofilm
size and thickness.

MRI is an imaging technique based on the nuclear magnetic reso-
nance (NMR) principle of spin, a quantum mechanical property
describing nuclear spin states of atoms such as lH, 13C, and '°F [6,7]. An
NMR magnet supplies an external magnetic field (Bp) which causes a
slight majority of spins to align their magnetic moments together and
generate a small net magnetization. The spins also precess at the Larmor
frequency proportional to the strength of the external magnetic field.
After being excited by a radiofrequency pulse also at the Larmor fre-
quency, spins return to equilibrium in a process termed relaxation,
during which signal is collected. Due to their high percentage of water
(>95 %), biofilms are visualized by exciting 'H nuclei. Images in 1-, 2- or
3-dimensions are created by using magnetic field gradients to localize
spin signal [8]. MRI has no depth limitation on biofilm scales and images
can be acquired in any spatial orientation by applying slice selection
gradients. Moreover, image contrast arises naturally, depending on
proton (spin) density, molecular diffusion, chemical shift, and relaxation
phenomena. Proton density imaging does not supply strong contrast in
biofilm imaging, since water in the hydrated EPS dominates over much
smaller populations from intracellular water and protons from EPS
macromolecules [8,9]. Diffusion-weighted imaging detects changes in
random spin motion, providing contrast between regions where trans-
lational motion is restricted such as pores, channels, and intracellular
water [10]. Chemical shift arises from changes in the magnetic field
experienced by spins on a molecule due to its electron cloud and serves
as the basis for magnetic resonance spectroscopy (MRS) in determining
the chemical structure and composition of a molecule. Different mole-
cules have different chemical shifts, which can be used as a contrast in
MR], i.e., magnetic resonance spectroscopic imaging (MRSI), to create
spatial concentration profiles of specific biofilm molecules [6,11,12,13].

However, the predominant NMR method to characterize biofilms is
relaxation-weighted imaging [9,14]. Relaxation occurs due to dipolar
spin interactions, which create local variations in the magnetic field that
fluctuate due to random Brownian motion. Fluctuations at the Larmor
frequency induce spin energy level transitions which lead to the return
of the spins to equilibrium, a process termed T; relaxation [6,11]. Spins
which experience varying local magnetic fields due to dipolar coupling
will precess at different frequencies and lose phase coherence, leading to
a decay of the magnetization signal, a process termed T relaxation [6,
11]. When this decay also includes contributions from static field in-
homogeneities, it is termed Ty* relaxation. The structure of a biofilm can
influence relaxation rates by limiting the rotational mobility of protons.
This restriction occurs in various biofilm components such as the EPS
matrix and cell clusters [4]. The chemical environment of a biofilm also
affects relaxation, through mechanisms such as chemical exchange be-
tween protons in water and functional groups on large EPS molecules
[15,16]. Also included in this category are susceptibility artifacts pre-
sent in the biofilm matrix, such as accumulated minerals or other
paramagnetic ions, which will influence T»*-contrast. Ultimately, it is
the complex chemical and physical environment of the biofilm which
leads to a divergence of spin Ty, T», and Ty* relaxation times. Parameters
in MRI experiments can be adjusted to either emphasize T;-, Ty-, or
Ty*-relaxation contrast, forming images which can readily differentiate
between bulk water and biofilm EPS.
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1.2. Characterization of biofilm EPS using MRI

The extent to which MRI can distinguish between individual EPS
components has not been fully established. Diffusion-weighted MRI has
been used to characterize biofilm heterogeneities to varying degrees of
success. Wieland et al. made diffusion maps through a phototrophic
biofilm, observing a decrease in diffusivity in zones attributed to high
density of cells and EPS [17]. However, in another study, little variation
in diffusion coefficients was observed, despite the complex internal
structure of the biofilm [18]. Chemical shift methods have the greatest
potential to clearly contrast different EPS components. Preliminary
work using techniques such as chemical shift selective (CHESS) and
chemical exchange saturation transfer (CEST) [6] imaging to target
biofilm molecules with specific chemical shifts or exchangeable protons,
respectively, is promising [19]. However, there are well-known chal-
lenges using MRS for carbohydrate characterization [20] and MRSI has
been primarily used to visualize and monitor the distribution of me-
tabolites in different biofilm regions to enhance understanding of bio-
film growth dynamics [12,13]. Hoskins et al. first used MRI to visualize
biofilms in porous media using relaxation contrast techniques [21].
However, in this and many subsequent studies, relaxation-weighted MRI
has largely been used to confirm the presence of a biofilm and broadly
characterize its morphology [8]. Kirkland et al. considered specific
sources of contrast across T;-and Tp-weighted images of heterogeneous
aerobic granular sludge (AGS) biofilms used for wastewater treatment
[22]. It was suggested that lighter pockets in T maps could be from void
spaces, darker regions from more tightly crosslinked EPS, and the
darkest regions at the center from solid inclusions.

Despite the prevalence of relaxation-weighted MRI to study biofilms,
research is needed to clarify the relative contribution of major biofilm
and EPS components to MRI contrast. Biofilm constituents all play
unique roles and have distinct relaxation behavior. Polysaccharides,
particularly gel-forming polysaccharides, often provide structure to
biofilms [2,3] and may strongly affect T; and T, relaxation rates by
restricting rotational motion. Proteins contain multiple functional
groups which can interact with water through mechanisms that can
affect relaxation, such as chemical exchange [15]. Additionally, a large
portion of biofilms consist of cells, which represent another fraction of
water with characteristic relaxation behavior [23]. While
relaxation-weighted MRI cannot independently verify individual EPS
molecules or all of the details of the EPS, better understanding of dif-
ferences in NMR signal intensity and relaxation behavior will make this
tool more effective for complementing more specific imaging techniques
and helping combat the “identity crisis” of biofilm EPS.

2. Approach
2.1. Aerobic granular sludge (AGS) biofilm models

NMR is well suited to study biofilms in situ, though practical con-
siderations are needed when establishing a system capable of growing a
biofilm and integrating it into the spectrometer. Some biofilms are more
amenable for NMR analysis than others. Aerobic granular sludge (AGS)
are large (>200 pm), spherical biofilm aggregates formed from flocs of
activated sludge for wastewater treatment [22]. They are of high tech-
nological interest and fit into standard NMR test tubes. To explore the
influence that EPS components have on MRI contrast of AGS, artificial
biofilm granule models are created using model representatives of
different EPS components. Relaxation-weighted MRI of these model
biofilms can then be compared to MRI of AGS granules. The subsequent
sections will elaborate more on the roles of polysaccharides (PS), pro-
teins (PN), and bacterial cells in AGS, and the criteria for selecting model
representatives for the artificial biofilms.
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2.2. Polysaccharides

Generally, the role of polysaccharides in the EPS is to provide
structure and mechanical stability for the biofilm consortium. In AGS,
the “structural EPS” is thought to mostly consist of polymers that cross-
link together to form a hydrogel [2,3], which protects bacterial cells and
encapsulates proteins, lipids, and other extracellular substances. Due to
the high complexity of the composition of the EPS, not every poly-
saccharide has been identified, nor do all polysaccharides play a role in
hydrogel formation [1]. To date, only two gel-forming extracellular
polysaccharides have been isolated from AGS: alginate-like exopoly-
saccharide (ALE) (trade name Kaumera Nereda® Gum) and Granulan
[24]. While hydrogels can be temperature or pH-induced [25], these
polysaccharides form gels exclusively through ionic interactions.

2.3. Alginate-like exopolysaccharide (ALE)

Bacterial alginate was first isolated in 1966 and is produced by a
wide range of Pseudomonas and Azotobacter species [26,27]. They are
widely considered to be an important component in Pseudomonas bio-
films [28]. Alginate-like exopolysaccharide (ALE) was isolated from AGS
granules in 2010 [29]. The biomass was extracted using sodium car-
bonate and heat; ALE precipitated out of the supernatant by decreasing
the pH with HCL It is no surprise that the exopolysaccharide identified
was “alginate-like” as these are the same steps used to isolate alginate
from algae [29]. Both bacterial and plant-based alginates consist of two
monomers, f-mannuronic (M) and a-glucuronic (G) acid, linked by 1-4
glycosidic bonds and carry a net negative charge due the presence of
carboxylic acid functional groups. The monomers can be arranged into
hetero- or homopolymeric “blocks” within the biopolymer (i.e., MM,
MG, and GG residues). According to the “egg-box” model for gelation,
GG blocks form cavities which carry a —2 charge that fit/bind to diva-
lent cations, particularly calcium, bringing biopolymer chains together
to form a hydrogel [58]. Although plant-based alginate is distinguish-
able from bacterial alginate by the absence of o-acetyl groups on the
monomers [29,30], it has been recognized as an excellent model for ALE
[31] and was used as a model biopolymer in this study.

2.4. Granulan

Granulan was isolated by Seviour et al. [32] from lab-scale granules
treating abattoir wastewater. Like ALE, the biomass was extracted under
alkaline conditions, using NaOH instead of sodium carbonate, and
Granulan precipitated out of the supernatant with cetylpyridinium
chloride and methanol. Granulan is a complex heteropolysaccharide
made up of repeating sequences of a-galactose, f-mannose, S-glucos-
amine, N-acetyl-f-galactosamine, and 2-acetoamido-2-deox-
y-a-gal-actopyranuronic acid with an attached disaccharide branch of
p-galactose and g-glucuronic acid. It is not known exactly which microbe
synthesizes Granulan. Indeed, it might not be unique to any bacterial
species, however, it has generally been found in reactors operating
under conditions that enrich Candidatus “Competibacter phosphatis”
bacteria. A gel is formed when strands of Granulan form anti-parallel,
double helices stabilized by hydrogen bonding; the gel is strengthened
when helices are connected by “interhelical bridges” formed by elec-
trostatic interactions between divalent cations (calcium) and terminal
carboxyl groups on p-Gal—p-GlcA residues. Because of the complexity of
Granulan and its murky origins, it is difficult to isolate and study.
However, there are many parallels between Granulan and gellan, an
exopolysaccharide produced by pseudomonas elodea consisting of four
polysaccharide units: two p-glucose, one p-glucuronic acid, and one
t-rhamnose residue(s) [33]. Although comparatively much simpler,
gellan has a similar gelling mechanism as Granulan. After the applica-
tion of heat followed by slow cooling, gellan strands form anti-parallel,
double helical structures stabilized by hydrogen bonds [34]. A stronger
gel is generated when divalent cations are introduced, creating
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interhelical bridges between terminal carboxyl groups on glucuronic
residues that link the helices together. In this study, gellan served as a
model for Granulan.

2.5. Extracellular proteins

Extracellular proteins are the most abundant granule component
[24]. Some researchers have found a strong correlation between the
ratio of proteins to polysaccharides (PN/PS) and granule hydrophobic-
ity, suggesting that proteins play an important role imparting hydro-
phobic properties which promote granulation [35]. Furthermore,
proteins may help reduce the negative surface charge density sur-
rounding bacterial cells, minimizing cell-cell repulsion [35]. In actual
granules, PN/PS has been reported between 1 and 8, with larger values
often observed during granulation [24]. The molecular weight (MW) of
proteins in granular sludge has been reported to be 20-97 kDa [36].
Bovine serum albumin (BSA), a well-characterized protein standard
consisting of 583 amino acid residues and MW of 66.5 kDa, was chosen
to model extracellular proteins in the artificial biofilms.

2.6. Microorganisms

There can be no biofilm without bacterial cells, so it is no surprise
that they represent a very large percentage (+15% by volume) of a
hydrated biofilm [37]. Microbial populations in AGS are diverse,
encompassing various bacterial and, in some cases, fungal species that
vary based on substrate composition and growth environments [38].
While filamentous microorganisms can be present in AGS, floc-forming
bacterial cells are typically the dominant component in stable AGS
granules [39] and are the focus of this study.

With respect to NMR, cells are considered a highly restricted water
population trapped inside a semipermeable membrane [9,23]. It is
therefore not necessary to closely model any specific microorganism.
Bacillus mojavensis, a gram-positive, aerobic rod-shape bacterium, was
chosen to represent bacterial cells in the artificial biofilms.

3. Materials and methods
3.1. Alginate sample preparation

Medium viscosity sodium alginate (Sigma Aldrich) derived from
brown seaweed was dissolved at concentrations ranging from 1 to 3%
w/w in 0.1 M NacCl (Sigma Aldrich) solution prepared in deionized (DI)
water. To incorporate protein into the alginate, lyophilized bovine
serum albumin (BSA fraction V, fatty acid free; Caisson Labs) was added
to alginate solution and allowed to fully disperse for several hours at 4
°C. The final concentration of alginate was fixed at 2% w/w while BSA
ranged between 2 and 4% w/w. For cells immobilized in alginate,
B. mojavensis culture was first spun down, supernatant removed, and the
volume recorded (cell culture procedure outlined in section 3.5). Algi-
nate solution prepared in 0.85% NaCl and 10 mM HEPES buffer was
added to the pellet and mixed gently. Alginate was not supplemented
with any nutrients to maintain metabolic activity during encapsulation.
The final concentration of alginate was fixed at 2% w/w and cell con-
centrations were prepared at 10% and 20% v/v.

3.2. Alginate gelation procedure

Alginate solutions were carefully loaded into a 60 mL syringe to
prevent bubble formation. The syringe was fitted with an 18G needle
and then loaded onto a syringe pump. Alginate was added dropwise at 1
mL/min into a 0.5 M solution of CaCl, (Acros Organics) prepared in DI
water at room temperature. Gel beads formed instantly and were
allowed to mix with a magnetic stir bar at low speed for 1 h before
removing for storage or NMR analysis.

The gelation agent for alginate/BSA mixtures was modified in order
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to create a chitosan-alginate membrane around the bead to mitigate
protein loss, adapted from a procedure by Takka et al. [40]. Chitosan
was dissolved in 5% acetic acid at a concentration of 0.25% w/v. Next,
0.5 M CaCl; was prepared in this solution and the pH was adjusted to 5
with 0.1 M NaOH. Protein encapsulated alginate beads were formed in
this media following the general procedure described above.

The gelation agent for alginate/cell mixtures was also changed to 0.2
M CaCl, prepared in 0.85% saline and 10 mM HEPES buffer. This media
was also sterilized by autoclave (120°C for 20 min).

3.3. Gellan and gellan/alginate sample preparation and gelation
procedure

Gellan gum powder (MP) was mixed into DI water at concentrations
ranging from 1 to 3%. The solution was heated to 90°C until fully dis-
solved, then cooled to 45-55°C and loaded into a syringe. Gellan beads
were formed in 0.2 M CaCl, and were allowed to mix with a magnetic
stir bar at low speed for 1 h before removing for storage or NMR analysis.
For alginate/gellan beads, alginate and gellan were combined in DI
water with additional time allowed for alginate dissolution before
following the same procedure as with plain gellan. Beads were prepared
with varying amounts of alginate and gellan, but keeping the total
amount of polysaccharide fixed at 2% w/w.

3.4. Encapsulation efficiency

Protein encapsulation efficiency was calculated using the Qubit™
protein assay (Thermo Fisher Scientific). BSA was extracted from the
chitosan-alginate beads by breaking down the crosslinked biopolymer in
0.5% w/v sodium carbonate solution heated to 80°C; full details of the
procedure can be found in Felz et al. [25]. Encapsulation efficiencies
>90% were measured from the alginate/BSA beads.

3.5. B. Mojavensis cell culture

One mL cryovial of B. mojavensis culture was thawed and added to
100 mL of modified Brain-Heart Infusion (BHI) broth (36 g/L Brain
Heart Infusion (BHI) [Becton, Dickinson and Co., Sparks, MD], 3 g/L
NaNOs, 0.75 g/L NH4Cl, 40 g/L NaCl) inside a 250 mL flask at room
temperature. After 24 h, 1 mL was transferred to fresh 100 mL of growth
media. After 16 h of culturing, cells were harvested for alginate
encapsulation.

3.6. Aerobic granular sludge

Samples of aerobic granular sludge (AGS) were collected from full-
scale Nereda® sequencing batch reactors treating municipal waste-
water in Utrecht (PNU reactor) and Vroomshoop, the Netherlands.
Utrecht granules were imaged four days after sampling, while Vroom-
shoop granules were imaged approximately one month after sampling. A
full description of the AGS granules can be found in Kirkland et al. [22].

3.7. Magnetic resonance imaging (MRI)

Relaxation-weighted images of the model biofilms were acquired
using the ParaVision 6.0.1 Multi-Slice-Multi-Echo (MSME) pulse
sequence on a 7.05 T (300 MHz) Bruker Avance III superconducting
magnet. In this method, an initial 90-degree RF-pulse excites the spins,
which is followed by a 180-degree RF pulse that refocuses the spins,
forming a spin echo at the echo time (Tg). This MR signal is repeatedly
refocused by applying a series of 180-degree RF pulses, generating a
train of spin echoes at different echo times. This process occurs during a
single acquisition of the pulse sequence. Slice selection gradients,
applied during the RF pulses, selectively excite a slice in the sample.
Read- and phase-encoding gradients are applied to map out spin-echo
signal in k-space, a reciprocal domain which describes MR signal in
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terms of the applied magnetic field gradient and the duration for which
the gradient is applied [11]. With each repeat of the experiment, set by
the repetition time (Tg), a different line in k-space is collected. The
Fourier Transform of M x N k-space data points produce an M x N pixel
image.

The MSME sequence generates an image at each Tr with a set
experimental repetition time, Tg, and slice position. This allows the T,
relaxation time to be calculated at each voxel by fitting the exponential
decay with a least-squares fitting, resulting in a map of T, relaxation
times. T, maps are highlighted in this study, as they allow a more
quantitative interpretation of MRI contrast, and were analyzed using
Prospa v3.24 (Magritek Ltd, Wellington, NZ). However, spins diffusing
in magnetic field gradients enhance signal attenuation, therefore, the
calculated T, times are qualified as “effective” relaxation times that are
specific to the magnetic field strength and imaging parameters (T2 ¢f)
[41,11].

T;-weighted MRI provides images of the biofilm in which the pixel
intensity depends on the T of the experiment and the T; of the material.
Although more qualitative, they are useful for highlighting different
biofilm features and have fast acquisition times. T; contrast is intro-
duced by running MSME experiments with short T and Tg times. Only
components in which T;< Tg will fully recover their magnetization, and
thus appear brighter in the image [11]. Short T times favor
T;-weighting by minimizing transverse relaxation before refocusing the
spin echo.

Images of Vroomshoop AGS granules were acquired on a Bruker
Avance III system with a 5.9 T (250 MHz) superconducting magnet.
Images of Utrecht AGS granules were acquired on a 22.3 T (950 MHz)
superconducting magnet using an Avance III HD console. A full
description of the hardware used to image AGS granules can be found in
Kirkland et al. [22]. A summary of the MRI parameters used in all ex-
periments are shown in Table 1.

4. Results and discussion
4.1. MRI analysis of alginate

Cross-sectional T . maps of alginate showed contrast between the
model biofilm and bulk water (Fig. 1). The associated histogram
revealed two distinct peaks, with signal from free water and the gel
corresponding to the distribution with longer and shorter relaxation
times, respectively (Fig. 2). As the concentration of alginate increased
from 1 to 2 to 3% w/w, the T . of the gel reduced from 27.5 to 24.1 to
21.4 ms, respectively, while the T3 . mode of free water remained fixed
around 42 ms (Table 2).

Alginate gels are known to have strong Ts-weighted MRI contrast
[42]. The crosslinked biopolymer creates small pores that slow trans-
lational and rotational motion of water protons, enhancing relaxation
[42]. Relaxation can also be interpreted in terms of “bound water”,
which refers to water protons trapped in restricted environments and
associated with biomolecules in a solvation process. Relaxation can be
caused by protons on molecules moving between free and bound water
states by diffusion. Additionally, relaxation can be caused by chemical
exchange between water protons and labile protons on specific poly-
saccharide functional groups, i.e., hydroxyl protons on alginate mono-
mers [15,43]. While these relaxation mechanisms are not mutually
exclusive, B.P. Hills argued that chemical exchange dominates over all
others in dilute polysaccharide systems [15]. This explains why T;
relaxation times of alginate are typically reported similar to water, since
this mechanism does not contribute strongly to T; relaxation. However,
it strongly affects T relaxation, and correctly predicts the T correlation
with alginate concentration observed in this study and others [44]. This
indicates that Ts-weighted imaging can provide an assessment of
alginate-like exopolysaccharide (ALE) concentrations in aerobic gran-
ular sludge (AGS) [22]. This work evaluates to what extent MRI contrast
is imparted by other biofilm components such as proteins and cells.
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Table 1
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NMR Experiment parameters. Model biofilm measurements were made at 7.05 T (300 MHz), Vroomshoop AGS granule measurements at 5.9 T (250 MHz), and Utrecht

AGS granule measurements at 22.3 T (950 MHz).

Parameter Model Biofilm Measurements Vroomshoop AGS Granule Measurements Utrecht AGS Granule Measurements
T;-Weighted T>-Weighted (Map) T;-Weighted T>-Weighted (Map) T;-Weighted T>-Weighted (Map)

Repetition time Ty (s) 0.55 5 0.6 5 0.55 5

Echo time Ty (ms) 8 8 5.6 5.6 5.3 5.3

Number of echoes 12 12 8 8 16 32

Number of averages 25 6 32 32 8 4

Image pixel resolution 128 x 128 128 x 128 128 x 128 128 x 128 128 x 128 128 x 128

Pixel resolution (pm) 39 39 39 39 47 47

Slice thickness (mm) 0.3 0.3 0.5 0.5 0.1 0.1

Measurement time 29 min 20 s 1 h 4 min 40 min 57 s 5h 41 min 9 min 23 s 42 min

Fig. 1. Cross-sectional T3¢ maps of alginate model biofilms with increasing concentration of polysaccharide (1, 2 and 3% from A-C, respectively). The calculated T,
o times are color-coded, with the shorter relaxation times, corresponding to the gel phase, in blue and longer relaxation times, corresponding to bulk water outside
the gel, in yellow/green. Alginate concentration is strongly correlated with T, relaxation in the gel phase but does not influence bulk water relaxation. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

0.25
[ (A) 1% Alginate
[C1(B) 2% Alginate
02 - [—1(C) 3% Alginate -
. 0.15 1
3 ]
e A
= 011 |
0.05
0 T _FT ., t 1
0 10 20 30 40 50 60
T, efp (mS)

Fig. 2. T, 4 distribution profile of alginate model biofilms from Fig. 1.

The reported concentration of ALE in AGS varies in different studies
but is a dominant exopolysaccharide. Lin et al. reported a yield of 160
mg crude EPS/g VSS (volatile suspended solids, i.e. dry biomass), or 16%
w/w (dry) from Nereda® granules [29]. In lab-scale granules fed acetate
as a carbon source, the yield was 31% w/w [45]. Taking the largest
reported concentration, and given AGS is typically 95% water, it can be
estimated that a mature granule contains up to 1.5% w/w bacterial
alginate. Using a different approach, Seviour et al. [46] estimated a
similar concentration of 1.22% w/w by correlating rheological behavior
of granules to the gel-forming polysaccharide concentration and

assuming only gel-forming components contributed to the granule
modulus. In this study, 2% w/w alginate concentration was chosen as
the baseline to model AGS biofilms.

It is acknowledged that there are obvious limitations with comparing
carefully controlled alginate beads with organically formed AGS gran-
ules, which are heterogeneous and contain regions with high and low
concentration of crosslinked biopolymer. However, the model biofilms
are also not homogeneous, albeit in a predictable way. This can be
observed visually in the MRI images as well as the Tz distribution
profiles, in which there is a fairly large spread of relaxation times
associated with the hydrogel (Fig. 2). Note this does not change with
changing biopolymer concentration, as each profile maintains the same
range and relative distribution. The heterogeneity in these biofilm
models reflects the external gelation mechanism that alginate undergoes
during preparation [47]. As calcium diffuses inside the alginate droplet,
un-gelled alginate in the center diffuses towards the inwardly moving
gel front, resulting in more densely crosslinked biopolymer from the
outside-in. Nevertheless, these models demonstrate that alginate-like
polymers provide strong T, relaxation-based contrast and MRI is sensi-
tive to concentration differences across the sample.

Besides biopolymer concentration, the degree of crosslinking in
alginate gels is also strongly dependent on the amount of GG residues.
Several studies have shown that increased concentration of these blocks
in alginate results in denser gels with enhanced Tj-and T,-relaxation
[42]. However, studies on monomer block concentrations in ALE reveal
a complex situation. Initial reports showed that ALE has an unusually
high amount of GG blocks (69.07%) compared to the MG fraction
(14.57%) and MM fraction (2.10%) [29]. However, another study
showed that during granule development, the fraction of MM blocks
always stays low, the GG and MG fractions interchangeably dominate
[48]. This adds yet another layer of complexity that must be considered
if using MRI tools to characterize ALE concentration in AGS.
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50

Fig. 3. Ty .4 maps of mixed polysaccharide model biofilms consisting of gellan (G) and alginate (A) (2% gellan, G/A = 3, G/A = 1, G/A = 1/3, and from A-D,
respectively). Total biopolymer concentration is fixed at 2% w/w in all samples. From A-D, as the concentration of gellan decreases, there is more T, contrast. The

images highlight the sensitivity of MRI to alginate concentrations in mixed gels.

Table 2
T of statistics (ms) of alginate model biofilms from Fig. 2.
Sample Gel Water
Mean SD Mean SD
(A) 1% Alginate 27.5 2.3 42 1.9
(B) 2% Alginate 24.1 2.5 42 1.7
(C) 3% Alginate 21.4 2.6 41.8 1.7

4.2. MRI analysis of gellan

Gellan models showed negligible T;-or To-weighted MRI contrast at
concentrations ranging from 1 to 3% w/w, suggesting the T; and Tz
times of water inside the gel are very similar to bulk water (T2 ¢ map of
2% concentration shown in Fig. 3, A). This implies there are fewer labile
protons undergoing chemical exchange in these gels. Like alginate,
when gellan is ionically crosslinked, there is a reduction in the total
number of exchangeable protons. However, hydrogen bonding is also
essential in the gelation of gellan, facilitating the formation and stabi-
lization of double helices and the three-dimensional gel network [34].
This interaction can significantly limit the number of functional groups
which can undergo chemical exchange, a factor which has also been
recognized in gelatine gels [15]. Fast diffusive exchange between water
protons and bound water and/or fast chemical exchange between water
protons and available labile protons on gellan -OH groups may also
make relaxation times indistinguishable between the different proton
fractions, resulting in minimal MRI contrast.

The reported concentration of Granulan has been reported as high as
320 mg crude EPS/g VSS, or 32% w/w (dry), a similar yield to ALE,

20
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although with further purification drops as low as 3% w/w [33]. Again,
using the highest reported yield and the same assumption as before, a
granule with Granulan as the major gel-forming component may contain
up to 1.5% w/w of this exopolysaccharide. Because of the gelling pro-
cess, granulation depends strongly on the quantity of Granulan present.
This contrasts with ALE, in which granulation also depends on how M
and G monomers are arranged. Provided gellan is a suitable model for
Granulan, at its standard concentration, it appears very unlikely to
provide much relaxation-weighted contrast, which serves as its own
unique signature. Other biofilm components which show stronger MRI
contrast have potential to be highlighted in these granules.

To explore the impacts of multiple gel-forming polysaccharides in
one biofilm, experiments were conducted combining alginate with gel-
lan at varying concentrations (Fig. 3, B-D, Fig. 4 and Table 3). Greater
relaxation-weighted MRI contrast was found with higher amounts of
alginate, again indicating the sensitivity of MRI to alginate concentra-
tion. However, the authors are not aware of any reports of ALE and
Granulan being isolated from the same granule. Rather, it appears that
either one or the other dominates depending on reactor conditions and

TZ RS

Table 3
Ty ¢ statistics (ms) of mixed polysaccharide model biofilms from Fig. 4.
Sample Gel Water
Mean SD Mean SD
(A) 2% Gellan 39.1 1.7 39.1 1.7
(B)G/A=3 31.1 2.2 42.7 2.4
Q) G/A=1 25.9 1.7 41.4 1.9
(D)G/A=1/3 23.3 1.9 39.7 2.2
T
30 40 50 60
. (ms)

ff

Fig. 4. T, . distribution profile of mixed polysaccharide model biofilms from Fig. 3.
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which bacteria species are enriched [33]. Still, the unique
relaxation-weighted MRI contrast shown by mixed polysaccharide
model biofilms suggests that this tool holds promise in screening or
characterizing biofilms that come from different backgrounds.

4.3. MRI analysis of bovine serum albumin (BSA) encapsulated in
alginate

Adding BSA to 2% alginate resulted in reduced T3 contrast (Fig. 5 and
6). The associated distribution profile shows two main peaks; as before,
the distribution of longer and shorter relaxation times belongs to bulk
water and the gel, respectively. Adding an equal amount of BSA and
alginate biopolymer (PN/PS = 1) resulted in the average T of the gel
increasing from 24.7 to 28.2 ms, while doubling the amount of protein
(PN/PS = 2) increased the T . to 32.2 ms (Table 4). Moreover, the gel
becomes increasingly homogeneous after more protein is incorporated,
with the T times becoming more concentrated around the mean in
the distribution profiles.

As with polysaccharides, the origins of relaxation for proteins can
also be explained with the “bound water” relaxation mechanism. Due to
their size, protein macromolecules have long rotational mobility corre-
lation times, i.e. slower rotational diffusion motion. This slows the mo-
tion of water associated with the protein as well, leading to enhanced T;
and T, relaxation. Chemical exchange relaxation also occurs in proteins,
which contain -NH, amides, -OH and -SH exchangeable groups from
various amino acid moieties [15]. It is widely accepted that this mech-
anism plays the major role in enhancing relaxation in protein gels and
solutions [49]. Consequently, the high concentration of BSA in the
model biofilms was also expected to enhance T>. However, the opposite
trend was observed, suggesting there is a high degree of intermolecular
actions, such as hydrogen bonding and ionic interactions, in the
alginate-BSA gel which limits the number of labile protons available for
chemical exchange with water protons.

An increase in the ionic strength of alginate solution can lead to the
formation of more homogeneous and less rigid gel beads [50,51]. Ionic
species introduce competition for the calcium ions for alginate GG
blocks and ultimately limit the degree of Ca%* crosslinking [50]. Under
the gelation conditions of this study (pH 5), BSA is inside the range of its
isoelectric point, but will contain positively charged amino acid resi-
dues. Since alginate is negatively charged, electrostatic interactions
between the polysaccharide and protein can occur, which has been re-
ported in several studies [52,53]. Although Zhao et al. [52] also reported
that BSA-alginate ionic interactions are likely overtaken by Ca®* during
the gelation process, the concentration of BSA used in their study was
30-60x lower than the concentrations used here.

The complex protein and polysaccharide interactions on display in
this study have parallels to those in actual granules. Polysaccharides and
proteins in AGS can form crosslinks through permanent, covalent bonds

Biofilm 8 (2024) 100235

0.18
[ (A) 2% Alginate
0.16 1 [Z1(B) PN/PS =1 M
(C)PN/PS =2
0.14 4
0.12
& 01
F‘Nﬁ
= 0.08 -
0.06 -
0.04 1
0.02 4
0 —
0 10 20 30 60
T g (mS)

Fig. 6. Ty 4 distribution profile of alginate/protein model biofilms from Fig. 5.

Table 4
T, e statistics (ms) of alginate/protein model biofilms from Fig. 6.
Sample Gel Water
Mean SD Mean SD
(A) 2% Alginate 24.7 3.1 46.5 2.0
(B)PN/PS =1 28.2 1.7 44.9 2.0
(C) PN/PS =2 32.2 1.9 47.6 1.9

as well as noncovalent interactions such as electrostatic, hydrophobic,
and/or hydrogen bonds [54]. The extent of these protein-polysaccharide
interactions has been revealed with enzymatic hydrolysis tests, which
selectively target and break down polysaccharides or proteins. It was
found that the removal of one component still led to the other compo-
nent being reduced, demonstrating how well-integrated they are with
each other [55]. This is also supported by CLSM images which show that
proteins and polysaccharides are evenly distributed together throughout
the granule [55]. The MRI studies show that protein-polysaccharide
interactions influence relaxation-weighted images of model biofilms at
a PN/PS of 1 and 2, even if proteins themselves do not impact relaxation
directly. Interestingly, proteins were also shown to impact T; and T2 MRI
contrast minimally in brain tissue, which is composed of 8% protein, in a
study which selectively cleared lipids from the tissue to see the contri-
bution from proteins [56]. Future work should explore model biofilms
with higher PN/PS ratios to further investigate how these interactions
evolve and their impact on MRI relaxation behavior.

60

40

Fig. 5. T, . maps of alginate (PS, i.e. polysaccharide) model biofilms with increasing concentration of protein (PN) (2% alginate, PN/PS = 1, and PN/PS = 2 from A-
C, respectively). Alginate concentration is fixed at 2% w/w in all samples. PN did not increase T» contrast as expected, instead, PS-PN interactions decreased T

MRI contrast.
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4.4. MRI analysis of B. mojavensis encapsulated in alginate

Contrary to the previous biofilm models without bacteria, T contrast
was not observed at cell concentrations of 10 and 20% v/v with a fixed
2% w/w alginate concentration (Figs. 7 and 8 and Table 5). This was
predicted by Kirkland et al. [22], who noted that cell surfaces have fewer
labile protons available for chemical exchange compared to the sur-
rounding EPS, or in the case of the model biofilms, the alginate.

However, MRI T; contrast was observed once cells were introduced.
Fig. 7 (RHS) displays multiple echoes collected in a T;-weighted
experiment of 2% alginate with and without 20% v/v cells (Fig. 7, C-F
and G-J, respectively). An echo time (Tg) of 8 ms was used in the first
image and 3 Tg, 6 Tg, and 9 Tr were used in the subsequent images. In
contrast to the T, . maps, which use a long repetition time (Tz) of 5s,
the T;-weighted images use a much shorter Tg of 550 ms to highlight
signal from short T; components, which recover their magnetization
more quickly than long T; components. Plain alginate was undifferen-
tiated from water in the first echo (Fig. 7, G), but showed clear contrast
after cells were added (Fig. 7, C), generating a bimodal distribution of
Ti-weighted signal intensities shown in Fig. 9. The bacteria contribute to
higher intensity signal due to the lower T; from restricted water inside
the cells (i.e., intracellular water). With each progressive echo, the im-
ages become more T2-weighted and the contrast starts to look similar,
consistent with the results of the T .+ maps.

Although T;-weighted imaging introduced contrast from the cells,
increasing the cell concentration from 10 to 20% did not enhance the T;-
weighted signal intensity significantly, with a mean increase of 3%
(Fig. 9 and Table 6). The lack of enhancement was due to fixing the Tx
time when running the imaging experiments. In principle, increasing the
cell concentration will further lower Ty, albeit not to the same extent as
from the no cell value. Nevertheless, fine tuning the Tx time could serve
to optimize T; contrast at different cell concentrations. It should also be
noted that in actual granules, bacteria reproduce and form clusters that
exist in specific functional zones of the biofilm [38], exposing another
limitation of using homogeneous biofilm models to study heterogeneous
biofilms.

4.5. MRI analysis of wastewater reactor AGS granules

Insight from analyzing relaxation-weighted MRI contrast of model
granules allows understanding of various regions of interest in envi-
ronmental biofilms that are difficult to study, such as void spaces. Voids
are one of the defining characteristics of all biofilms, generally described
as water-filled regions composed of narrow, veiny channels and more
voluminous, but not necessarily interconnected, pores. Gonzalez-Gil &
Holliger [57] described the interior of AGS as “cavern-like”, observing
channels and cavities on the order of 10-100 pm using an invasive form
of CLSM imaging. It has been hypothesized that pores arise in granules
because of biomass decay due to substrate limited diffusion.
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Fig. 8. T4 distribution profiles of alginate samples with and without cells

from Fig. 7 (A-B). Image of 10% v/v cells encapsulated in alginate is not shown

in Fig. 7, though included in this distribution profile.

Table 5
Ty, f statistics (ms) of alginate samples with and without cells from Fig. 8.
Sample Gel Water
Mean SD Mean SD
2% Alginate 29 1.9 42 1.9
10% Cells 30 1.2 40 1.5
20% Cells 28 1.5 41 1.5

Consequently, pores may improve mass transport and lead to further
biomass growth deeper within the biofilm. van den Berg [31] used
less-invasive environmental scanning electron microscopy to study the
microstructure of AGS harvested from a full-scale Nereda® wastewater
plant, observing the presence of macropores (10-20 pm diameter) on the
surface and interior of the granule. Other researchers have used
relaxation-weighted MRI to visualize void regions in biofilm granules
non-invasively. While channels were not explicitly observed, and may
fall outside of the resolution limits of MRI, pores were visible [18,22].
Kirkland et al. [22] noted that relaxation times inside the pores fell
within the range of free bulk water, as measured from quantitative T2 ¢
maps, indicating the pores were water-filled. However, the authors
pointed out that dilute EPS components could still be present.

To analyze voids in wastewater biofilms, regions of interests (ROI)
were drawn manually around voids from Ty ¢f maps and T;-weighted
MRI of AGS sampled from full scale WWT reactors (Figs. 10 and 13).

x10%

w

Fig. 7. LHS: T, .4 maps of alginate with and without 20% v/v cells (A and B, respectively). RHS: Corresponding T;-weighted images of alginate samples with and
without cells (C-F and G-J, respectively), with each image collected at different echo times, i.e. 8, 24, 48, and 72 ms from left to right. The addition of cells shows

clear T; contrast, but T . relaxation times are unaffected.
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Fig. 9. T;-weighted signal intensity distribution profiles of alginate samples
with and without cells from Fig. 7 (C & G), taken from the first echo at 8 ms.
Image of 10% v/v cells encapsulated in alginate is not shown in Fig. 7, though
included in this distribution profile.

Table 6
T,-weighted signal intensity statistics of alginate samples with and without cells
from Fig. 9.

Sample Gel Water

Mean SD Mean SD
2% Alginate 1.8x10* 2.5x10° 1.8x10* 2.5x10°
10% Cells 2.5x10* 1.9x10° 1.9x10* 1.9x10°
20% Cells 2.6x10* 1.9x10% 1.9x10* 1.8x10°

Since void regions are generally assumed to consist of free water, this
signal was compared to free bulk water outside of the granule. This
reference signal is important since these imaging experiments were
conducted on different magnetic field strengths and with different im-
aging parameters compared to the experiments in this study (Table 1).
Consequently, signal intensities and calculated Ty ¢4 times are unique to
each image. While this limits direct comparison to the model biofilms
studied in this paper, it can be expected that the trends observed in the
signal within the granule voids, compared to its reference free water
signal, will align with the findings of this study. Additionally, by using
spin-echo imaging and focusing on regions where signal is present, the
impact of environmental components, such as minerals or solid
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inclusions, on relaxation behavior in the granules was assumed to be
negligible.

The Vroomshoop granule contains a large void region and displays
stronger T (Figs. 10 (A) and 11 & Table 7) and T; (Figs. 10 (B) and 12 &
Table 8) contrast in comparison to the bulk water signal, indicating
distinct relaxation behavior within this void. The lower T;.q times
suggest dilute crosslinked biopolymer that may be alginate-like, while
the stronger T; contrast indicates these regions may also contain cells.
Although it is not possible to determine the exact source of these signals
due to the non-specific nature of MRI contrast, these findings point to
heterogeneity in the void composition and challenge the assumption
that biofilm voids are either uniform or entirely empty. Higher protein
concentrations could also be present due to the lower contrast in the
crosslinked polysaccharide, but the relaxation behavior observed in the
model biofilms limits precise characterization. It has been theorized that
void regions form as granules starve aerobically, causing the EPS to
break down and release cells from the biofilm so they can move to more
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Fig. 11. T, . distribution profiles of Vroomshoop AGS granule from Fig. 10
(A), showing enhanced T, contrast inside the void (ROI 1). This relaxation
behavior could be attributed to lightly crosslinked polymer.

Table 7

Ty, f statistics (ms) of Vroomshoop AGS granule from Fig. 11.
ROI Mean SD
1 27.9 2.5
2 32.9 1.0

x10*

w

8]

Fig. 10. LHS: T, . map of a full-scale Vroomshoop AGS granule. The regions of interest (ROI) compare a void space inside the granule (ROI 1) with bulk water
outside of the granule (ROI 2). RHS: Corresponding T;-weighted image showing the same ROL
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Fig. 12. T;-weighted signal intensity distribution profiles of Vroomshoop AGS
granule from Fig. 10 (B), showing enhanced T; contrast inside the void (ROI 1).
This signature could be attributed to the presence of cells.

Table 8

T;-weighted statistics of Vroomshoop AGS granule from Fig. 12.
ROI Mean SD
1 9.0x10° 2x10°
2 5.1x10° 5x10%

favorable conditions, a phenomenon which could explain the MRI
contrast observed in this area. The void inside the Utrecht granule
(Fig. 13, A) displays Ty .4 times that align well with the bulk water
relaxation times (Fig. 14 & Table 9). However, there is noticeably more
T contrast (+30%) in the T;-weighted image (Figs. 13 (B) and 15 &
Table 10). This may indicate cells present inside very dilute biopolymer.
These findings raise new questions about the complexity of voids in
biofilms, and future studies using higher-resolution techniques will be
crucial to fully characterize these regions.

5. Conclusion
In this study, the use of non-invasive, relaxation-weighted MRI to
characterize major biofilm and EPS components was explored using

model biofilms of aerobic granular sludge (AGS). The main findings are:

- Certain gel-forming polysaccharides, such as alginate, a model for
ALE, generate T, contrast while providing negligible T;-weighted
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Fig. 14. T, distribution profiles of Utrecht AGS granule from Fig. 13 (A),
showing similar T, contrast between the void and bulk water (ROI 1 and 2,
respectively). This relaxation behavior suggests the void is empty or contains
very dilute polymer.

Table 9

Ty, of statistics (ms) of Utrecht AGS granule from Fig. 14.
ROI Mean SD
1 18.7 0.7
2 18.7 0.6

contrast. Tz times of alginate correlate with biopolymer concen-
tration, allowing MRI to differentiate high- and low-density ALE
regions.

Other gel-forming polysaccharides, such as gellan, a model for
Granulan, displayed no T; or T, contrast.

BSA, a model for extracellular proteins, was found to increase Ty
relaxation times when combined with alginate at a PN/PS of 1 and 2.
Mixtures of protein and polysaccharide affect relaxation behavior by
forming complex interactions with each other that alter the degree of
alginate crosslinking.

Bacterial cells immobilized in alginate at concentrations of 10 and
20% v/v did not alter T; contrast but strongly enhanced T;-weighted
contrast. As cell clusters contained in biofilms may exist at even
higher concentrations tested here, further studies are needed to
determine if this trend holds.
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Fig. 13. LHS: T3¢ map of a full-scale Utrecht AGS granule. The regions of interest (ROI) compare a void space inside the granule (ROI 1) with bulk water outside of
the granule (ROI 2). RHS: Corresponding T;-weighted image showing the same ROI.
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Fig. 15. T;-weighted signal intensity distribution profiles of Utrecht AGS
granule from Fig. 13 (B) showing enhanced T; contrast inside the void (ROI 1).
This signature could be attributed to the presence of cells.

Table 10

T,-weighted statistics of Utrecht AGS granule from Fig. 15.
ROI Mean SD
1 1.3x10* 1x10°
2 1.0x10* 6x10%

- Trends in the model biofilms were used as a baseline to explore T»
and T;-weighted contrast in void regions of two different AGS
granules to qualitatively assess EPS components present.

Even in these simple biofilm models, complex NMR relaxation
behavior was observed, underscoring the challenges in interpreting MRI
signals from heterogeneous biofilms. As such, future work should
explore the impact of other biofilm components, such as DNA and lipids,
on relaxation behavior. Nevertheless, the findings show that relaxation-
weighted MRI can offer a unique perspective by providing insights not
only into biofilm heterogeneity, but also into the composition of bio-
polymers, cells, and water within these complex systems. This represents
another step in leveraging this valuable experimental method to study
biofilm EPS and identify areas for more detailed analysis.
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