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ABSTRACT

Bacteria and biofilms are frequently found growing in sponges and are a common
cause of malodour in the sponge and cross-contamination of humans and surfaces
with the risk of causing bacterial infections. Bacterial infection generates high annual
healthcare costs and are related to high mortality rates. Removal of bacteria and
biofilms from sponges is thus of critical importance to avoid infections, food poisoning,
and surface contamination. To tackle biofilm development in sponges, and thus reduce
cross contamination, fast-moving consumer goods (FMCGs) companies have focused
on developing detergents which can remove food from sponges. However, due to their
intrinsic method’s limitation, current existing techniques, such as X-Ray micro-CT,
confocal laser scanning microscopy, scanning and transmission electron microscopy,
do not allow a complete understanding and visualization on how detergents act in
removing food and biofilms from sponges. To fulfil this gap, new methodologies need
to be developed to increase knowledge on biofilm development, particularly within
sponges, and its relationship with food residues, as well as on fluid dynamics within
sponges. Thanks to their nature, nuclear magnetic resonance (NMR) and magnetic
resonance imaging (MRI) could allow to image food residues and biofilm development
in porous media in-situ and in-vivo. Moreover, NRM and MRI enable the
characterization of the 3D internal structure of porous media and the visualization of
fluid flow within them. Thus, NMR and MRI could potentially allow to study how the
physical parameters of sponges affect fluid flow, and how this is related to food
residues removal and biofilm development in sponges, in-situ and without the need of

pre-treatments.



In this work, novel nuclear magnetic resonance (NMR) and magnetic resonance
imaging (MRI) have been developed to characterize polyurethane open-cell porous
media, and directly visualize food and biofilms within, without the need of sample pre-
treatment or the addition of contrast agents. A combination of NMR relaxometry, MRI
T> relaxation maps and X-ray micro computed tomography (UCT), has highlighted the
dependence of T» relaxation times of water, within the foam, on the pore sizes. This
has enabled the creation of new protocols to characterize polymeric open-cell porous
media directly by MRI, which can be combined with MRI visualization of composition
and flow. MRI Chemical Shift Selective (CHESS) imaging has been employed to
visualize food residues within polyurethane (PU) sponges, enabling the selective
mapping of hydrophobic and hydrophilic residues within the sponge without additional
contrast agent. Finally, MRI chemical exchange saturation transfer (CEST)
experiments have been successfully developed to image polysaccharide-based
(alginate) materials within sponges, demonstrating their potential to visualise the

exopolysaccharide matrix of biofilms without the need for additional contrast agents.
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1. INTRODUCTION

1 INTRODUCTION

1.1 Prologue

Biofilms are composed of complex communities of bacteria’ generally composed of
multiple species.? Biofilms are ubiquitous and adaptable, forming anywhere, and can
cause problems in different areas, such as, water treatment, fabrics and laundry, food
and human health. Bacteria cause, every year, significant economic and health issues
due to food spoilage or bacterial infections caused by cross-contamination from
contaminated clothes, kitchen utensil and medical tools. For instance, the treatment
for infections caused by catheter contaminations itself generates an annual cost
between $296 million to 2.3 billion, with 12-25% of mortality rate.> Removal and
prevention of biofilms formation is thus extremally important. For biofilm removal, two
main processes are performed: cleaning and disinfection. Cleaning has two main
objectives: (i) remove and prevents the formation of residues accumulation that can
enhance bacteria and biofilm proliferation; (ii) to dissolve or break biofilms extracellular
matrix, making microorganisms more accessible to disinfectants.* This operation is
generally carried out using detergents, whose composition vary depending on type of
dirt. For instance, in food industry, alkali compounds are mostly used, which break
down proteins using the action of the hydroxyl group. Moreover, when combined with
chelates, such as EDTA, alkali compounds have proven to be more effecting in
removing biofilm that other chemicals, such as acid detergents.® However,
conventional cleaning methods by detergent not always are successful in removing dirt
and bacteria. In this case, more aggressive treatments are required, which comprise

brushing, scraping, or/and the use of enzymes and heat.®” Disinfection is performed
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to totally eliminate microorganisms, or to reduce they quantity to a safe level.® To reach
this goal, various disinfectants have been used, such as iodine compounds, peroxides
,bisphenols, chlorin components and quaternary ammonium compound.®'%'" The
efficiency of these disinfectants varies depending on the bacteria species. For
instance, iodine and quaternary ammonium compounds were found to be less effective

than sodium hypochlorite in removing Listeria spp. and Salmonella spp.'?

The main problem with using antimicrobials is the increase of bacteria antimicrobial
resistance (AMR). AMR is a process that occurs naturally due to bacteria mutation.
The constant use of antimicrobials increases the frequency to which this mutation
occurs,'® leading to the creation of so called “super-bacteria”, which present higher
resistance to antimicrobials. To overcome this problem, new products for fighting
bacteria and biofilms need to be developed without using antimicrobial agents, which
are also environmentally friendly and cheap to produce. For the development of these
new products, new methodologies need to be developed to study biofilm formation in
different environments and their responses to different treatments. To understand
biofilm behaviour, in different environments, and how they are affected by various
treatments, it becomes extremely important to image biofilms formation and evolution
in real time, and in the original biofilm cultivation. In particular, it is interesting to
visualize how the presence of food residues in porous media, such as fabrics and
sponges, affects biofilm developments. A better understanding of this interaction can
help the creation of more efficient products, that tackle biofilm contamination problems
indirectly, by decreasing their food viability and avoiding biofilm formation. Different

techniques have been used previously to image and study biofilm development,
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including confocal laser scanning microscopy (CLSM)™, X-ray micro-computed
tomography (UCT), scanning electron microscopy (SEM), transmission electron
microscopy (TEM), ultrasound. These techniques provide good images of biofilms with
high image resolution. However, they all require pre-treatments of the sample that can
affect the bacteria structure. Magnetic resonance imaging (MRI) instead, offers the
opportunity to image biofilm without the need of pre-treatment and in their native
growing environment, giving the possibility to fully understand biofilm development and

interaction with food in porous media.

1.2 Biofilms

Bacteria can be considered the most successful life form on Earth, in terms of the
variety of colonized habitats and total biomass. They represent ~ 15% of the Earth’s
biomass and can be found in a cornucopia of environments.'>'® Almost 90 % of
bacteria live in micro-communities and form what is known as a biofilm,'” defined as
complex systems that can be composed of multiple species and contain high density
of cells (from 108 to 10" cells g').'® Bacteria form biofilm through a complex process
composed of five steps (figure 1.1).'° In the first step, bacteria cells land and adhere
onto a surface. This is followed by a clonal propagation and attachment, which leads
bacteria to colonize a larger surface. Meanwhile, three-dimensional (3D) growth of the
community also occurs, due to secretion of polysaccharides, which generate a matrix
surrounding bacteria. At the end, after biofilm establishment, some cells escape from

the biofilm and colonize new surfaces.
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Figure 1.1 . Diagram of biofilms life cycle: 1. Single bacteria cells land on the surface.
2 Bacteria clonal propagate and attach to the surface. 3. Polysaccharides secretion.
4. 3D biofilm growth. 5. Biofilm maturation and bacteria cell detachment.

Compared to free-living bacterial cells, biofilms present a series of new properties that
are not available to single cells,?® which allow bacteria to be more resistant to
environmental assault.? These include increased resistance to antibiotics, dryness, UV
radiation, and variation in pH.2"?* Most of the advantages of biofilm, over planktonic
bacteria, derive from the matrix that surrounds the bacteria and acts as a barrier
against external agents.?® This extracellular matrix is composed of water (up to 97 %)
and other components that are generally referred to as extracellular polymeric
substances (EPS), like polymers, eDNA, proteins, pili, flagellae and frimbiane."2526
Each of these components plays an important role in the life of a biofilm and is

fundamental for the survival and development of the microbial community.
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1.2.1 Extracellular polymeric substances

The EPS can be described as the construction material of the biofilm matrix. Originally,
the term referred to extra-polysaccharides only, as they were assumed to be the major
component of the matrix, excluding water.?” However, depending on the bacteria
species and the environment in which biofilm develops, different macromolecules can
be present in the EPS at a higher percentage than polysaccharides.?” Currently,
reference to the EPS refers to all biofilm components present in the matrix apart from
bacteria, including polysaccharides, proteins, peptides, lipids and nucleic acid.?2° The
chemical composition of polysaccharides within a biofilm, and the rate of formation, is
strongly dependent on both bacteria genetic and physiochemical environment growth
conditions.'3%-32 Thus, a great diversity of polysaccharides in the EPS composition can
be observed for different species of bacteria and also for different strains of the same
species of bacteria.®® 34 A good example of the variety of polysaccharides chemical
composition, depending on genetic and environment, are the Pseudomonas species.
P. aeruginosa mainly produce three polysaccharides: (i) Psl/, composed of D-glucose,
D-mannose and L-rhamnose; (ii) Pel, a cellulose-like polymer rich in glucose, and (iii)
alginate.®?3% P. syringae instead produce, in addition to alginate, Pel and Psl, a
polysaccharide called levan.®? Variation in the composition of polysaccharides can also
be seen within biofilms produced by different strains of the same bacterium. Indeed,
P. aeruginosa forms alginate as the primary polysaccharide in mucoid strains,3? 36

while little, or no, alginate is found in non-mucoid strains.3’
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1.2.2 Role of the EPS matrix

While biofilm is generally described as a “city of microbes”, the matrix can be defined
as the “house of the biofilm cells”.38 Indeed, it acts as an interface between the external
environment and the cells. Moreover, it regulates bacteria physiological activity within
the biofilm and provides structural organization.’® One of the most important property
imparted to a biofilm, by the EPS matrix, is an increase in resistance and tolerance
towards antimicrobial agents, compared to planktonic bacteria.?®3° This resistance is
produced by a diffusion-reaction inhibition process,*® which includes diffusion through
the EPS, antimicrobials enzymatic degradation, chelation and sacrificial reactions.*%4’
Even if the EPS works as a diffusion barrier for external antimicrobial agents, some of
these agents, like tetracycline and daptomycin, are able to penetrate the EPS within a
few minutes.*® When this happens, biofilms can still defend themselves by complexing
the antimicrobial or by degrading it using enzymes.'® The diffusion-reaction inhibition
process works particularly well with toxic metals, such as copper.*' Examples can be
seen in biofilms formed by Erwinia amylovora, which use the EPS to complex copper
in order to decrease its antibacterial action.*’ The combined action of degradation,
chelation and EPS, brings the antimicrobial concentration to a sublethal value allowing

the survival of bacteria cells.

The binding property of the EPS matrix and the diffusion of chemicals through the EPS
also offers the possibility to absorb a wide variety of substances, ranging from metal
ions to nutrients.'®4243 Metal ions can be used for biofilm stabilization, which confers
to the biofilm a higher resistance towards shear forces,* which can cause problems

when removing biofilms with normal cleaning procedures, such as brushing, flow, or
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air pressure. For instance, Bacillus subtilis biofilm show an increase of erosion stability
toward shear forces when in presence of high metal ions concentration such as Cu?*
and Fe?*.#* In particular, when fed with Cu?* or Fe?*, the biofilm displays a variation of
its viscoelastic properties, which confers the biofilm a higher resistance toward shear
forces caused by flowing fluids.** Similar results have been found for Pseudomonas
fluoresces biofilm*® and oral biofilms,* where the yield strength has been found to
increase with calcium concentration increase.**4 For P. fluoresces biofilm, this could
be related to the uronic acid present in the alginate composing the biofilm, which

contains potential crosslinking sites for calcium.

Nutrient sorption is a fundamental step for the bacteria community survival. The
different mechanisms for sorption and the wide range of substances that can be
trapped within the biofilm, allow the survivor of the biofilm also in difficult environments,
such as oligotrophic environments.*” Besides nutrient sorption, biofilms can also use
their own cells and debris from lysed cells to provide nutrients for the community.4849
For example, in starving conditions, Bacillus subtilis biofilms produce skf and spd
toxins to lyse cells within the community,®® which are then used as food for biofilm
development. Similar behaviour has been observed in P. auruginosa and shewenella
biofilms, which produce DNase enzymes. These enzymes are then used to dissolve
the DNA of lysed cells and exploit it as an energy resource.?'-%2 Within the matrix it is
also possible to find channels and pores that facilitates the transport of liquids and

nutrients, and this can be seen as the biofilm circulation system.53:54
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Another important property imparted by the EPS matrix to the biofilm is the protection
against desiccation. Such protection against desiccation arises from the combined
action of hydrated polymers produced by the biofilm,*® like alginate in P. aeruginosa
mucoid strains, and skin formation in the outer biofilm layer.%® The former forms a
hydrogel retaining water within the biofilm, while the latter prevents water evaporation.
Studies on Escherichia coli, Erwinia stewartia and Acinetobacter calcoaceticus have
showed how mucoid strains of these bacteria, which are able to produce hydrogels
and skin layers, were more resistant to desiccation compared to non-mucoid mutant

strains.®®

1.2.3 Effect of substrates on biofilm growth

The possibility of biofilms to growth in different environment and on different surfaces
is strongly related to ability of bacteria to adhere to a surface.®” Thus, biofilm formation
is dependent on the chemical and physical properties of the substrate, such as

wettability, roughness, surface charge density and surface topography.58

Surface charge density is one of the most important properties affecting bacterial
adhesion. Various studies have shown how positively charged surfaces increases the
possibility of biofilm adhesion compared to negatively charged surfaces.>®' This is
related to the fact that bacteria usually possess carboxyl, phosphate and amino
groups, which give bacteria a net negative charge, favouring attachment on positively
charged surfaces. For instance, Gottenbons et al., have shown an increase of 2 times
in the attachment and growth of Pseudomonas aeruginosa on positively charged

surfaces compared to negatively charged ones.®? However, few studies have also
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demonstrated the ability of negatively charged bacteria to strongly adhere to negative
charged surfaces thanks to their fimbriae.®® Therefore, the effect of surface charge
density on biofilm development is still not totally understood, and further studies are

needed to improve the knowledge.

Surface wettability is the main properties controlling the interaction between liquid and
solid phases in biological system, and it is governed by roughness and surface
energy.®* To explain bacterial adhesion and its dependency with surface energy,
different models have been used, such as DLVO® and thermodynamics-based
approaches.®® The use of DLVO theory have shown that lower ionic strength prevent
bacterial adhesion,®” while higher ionic strengths favour it.°8 Thermodynamic
approaches describe the process in a more observational way, such as hydrophobic
materials favour attachment of bacteria with hydrophobic surface, while hydrophilic
materials favour hydrophilic cells surfaces.?®

Regarding roughness, an increase of the roughness is usually correlated to a higher
biofilm development, due to the increase of surface area available for bacteria
attachment. Moreover, rough surfaces better protect bacteria against shear forces,
favouring biofilms growth.”® However, in some cases, an increase in surface
roughness has resulted in a decrease of bacteria attachment and subsequent biofilm
development. For instance, S. aureus and P. aerouginousa adhesion was found to be
higher in polished stainless steel samples compared to unpolished one.”” These
contrasting results shows how various variable needs to be kept in consideration when

studying the dependence of biofilm developments to surface energy and roughness,
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such as the type of surface and its topography, the bacteria specie and the medium

used for the study.

Surface topography also affects bacteria attachment and biofilm development. In
general, surfaces with features whose dimensions are higher on in the same order of
bacteria, enhance their attachments. Vice — versa, surfaces with smaller features
compared to bacteria tend to reduce the attachment. This last tactic is strongly used in
nature, where various animals, like geckos or cicadas, show micro/nanostructure skin,

which shows superhydrophobic properties that reduces bacteria adhesion.

1.2.4 Biofilm morphology in porous media

Morphological characteristic of biofilms within porous media can be different from the
classical films observed on surfaces or other systems.”? as describe on section 1.2,
biofilm formation is a multi-step process that involves surface adsorption, microbe
proliferation, EPS secretion and bacteria detachment.’ This dynamic process
depends on materials’ surface properties,>® food availability, and shear forces.” In
porous media, the growth process is further complicated by pore network complexity,
and pore sizes and shapes, especially when the porous medias is in aqueous
environments.”® For instance, the thickness and of biofilms in porous media was found
to be dependent on the pore size,”* while the intricate pore network, and the change
in flow condition during biofilms growth, can favour the development of one specie over
another.”

Various studies, involving different techniques, have been performed to visualize

biofilm morphology in porous media, and its developing. These studies have shown
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manly two different biofilm morphologies: (i) biofilm patches; (ii) biofilm streamer or

web-like structures.

Biofilm patches mostly form in low shear stress conditions. Studies of biofilm patches
development in Nafion grains, have shown that patches possess a high aspect ratio
and a tendency to be aligned with the direction of the flow. Moreover, larges patches
have been found in smaller pores, suggesting a dependence between patches and
pore sizes.”

Conversely, biofilm streamers have been observed in porous media when high shear
conditions were applied. Indeed, in these conditions, biofiim tend to assume
filamentous structures, whose thickness is around 50 um, were one or both ends of
the filament are attached to the surface, while the rest of the filament is floating in the
fluid.'® Streamers, also present lower porosity, higher homogeneity, and stronger
adhesion to the surfaces.” Web-like structure composed of different streamers have

also been observed.!9:72

While the separation between structures in porous depending on flow can look easy,
the situation is much more complex. Indeed, within porous media, different flow
condition can occur depending on how pores are distributed and on how permeable
the system is. Moreover, biofilms development itself, can affect convective flow through
pores, causing a variation of the conditions and thus the subsequential formation of
patches or streamers.”? Thus, complex biofilms, composed of both patches and

streamers, can be found in porous media. Paulsen at all., 7> observed a three distinct

11
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phases for biofilm formation in porous media, which they considered valid in both high
and low flow rate:

1. Between day 1-5, homogenous biofilm formation with no difference between
low and high flow rate pores. A high flagellar motion at the bulk-biofilm interface
was also observed.

2. Day 5-10, rougher biofilms appearance, composed of large and small cell
clusters. Once again, no difference was observed between high and low flow
rate pores

3. > 10 days, biofilm streamers formation, with web-like appearance. These

streamers seem to develop in denser and faster high flow zones.

While multiple studies have been performed, a clear understanding on the relation
between biofilm morphology and pore structure is still lacking. Thus, further studies
need to performed, and new methodologies need to be developed, to fully
characterized and understand the different morphologies and the reason for their

formation.

1.2.5 Use of biofilms in biotechnological applications

Biofilms can be considered either dangerous or useful. This is dependent on many
different parameters. Biofilms are used in many biotechnological applications, such as
water filtration,”® solid waste and wastewater biodegradation’” and biocatalysts.”® In
water filtration, biofilms are used in combination with porous media, overcoming some
of the issues of conventional water treatment methods.”® Indeed, water filtration

conventional methods, such as sedimentation or disinfection, are based on

12
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flocculation, disinfection through the use of chlorine and sand filtration.”®8° However,
these conventional methods have difficulties in removing organic matter and can
produce disinfection by-products such as haloacetic acids or trihalomethanes.8! 8
Systems with biofilm and porous media instead uses the latter to remove
microorganisms and the biofilm within to biodegrade remaining contaminants.”®82 An
example of these systems are biological active carbon (BAC) media filtration that,
thanks to the combined action of porous media and the biofilm, enables fewer demand
of chemicals, such as chlorine, less bacterial-regrowth in water after the filtration, and
reduced risk of producing chlorination by-products.”® Porous media are also used in
combination with biofilms for wastewater treatments. In these systems, biofilm needs
to grow on supports to be able to filtrate. The efficiency of such filters is strongly related
to the characteristics of the materials of the biofilm carrier, such as porosity and surface
area.® In particular, supports with higher porosity and specific surface area have been
found to be more efficient.83 Over time, several polymeric materials have been tested
out, such as polyamide, polyethylene, polypropylene,® polyvinyl chloride & and
polyurethane.””-8 Among these, polyurethane was found to be the most suitable for
the job,””#687 and is, nowadays, one most used polymer for wastewater treatment
biofilm carriers. For instance, PU is used as a biofilm foam matrix in moving bed biofilm
reactors (MMRB), where biofilms are used to remove nitrogen, nitrite, and
ammonium.”” The use of PU in these systems has also shown higher efficiency in
ammonium and TOC removal when compared to other carriers, such as
polycaprolactone,”” and a rate of denitrification up to 1.6 times higher than the one

obtained in traditional activated sludge reactor.88
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Biofilms have also been successfully used as biocatalysts for the production of a range
of chemicals.®%-9 Biofilms offer to the production process the advantage of long term
activity, continuous processing, and higher tolerance to toxic reactants.”®% One of the
most successful biocatalyst process using a biofilm is the production of acetic acid
from alcohol. For this process, bacteria from Acetobacter and Gluconobaster genera
are used, which allow achieving a conversation rate of ~90 % of the added alcohol.%
Other chemicals, such as ethanol or 2,3-butanediol are also produced using

respectively Zymomonas mobilis or Klebsiella pneumoniae biofilms respectively.”88°

1.2.6 Human infections caused by biofilms

Biofilms can cause a wide range of problems in human health and in different industry
sectors, such as fast-moving consumer goods (FMCG). In humans, approximately
65% of chronic infections, such as chronic prostatitis or chronic periodontitis, are
believed to be caused by biofiims.®® This is related to the resistance of biofilm to
antibiotics and to the host immune system response, which causes treatment failure
and, as a consequence, persistent infections.®®> For instance, Pseudomonas
aeruginosa, staphylococcus aureus, and Haemophilus influenza biofilms have been
predominantly found in chronic rhinosinusitis (CRS) patients.®-°” These biofilms act by
damaging the mucosa and decreasing muco-ciliary clearance, which promotes
bacterial persistence and causes persistent infections.®”% P. aeoruginosa has also
been found in other chronic diseases, e.g., otitis media (OM) and cystic fibrosis
(CF).?%:100 Furthermore, biofilms have also been found on medical device surfaces
such as surgical implants and catheters, causing implantable device and prosthesis

related infections.'9-193 Bacterial colonization is also a major problem in wound
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dressing and healing treatments.’® Wound dressings usually have a porous structure
and are composed of different biomaterials, such as cellulose, alginate or
collagen.’®1%5 The porous structure helps (i) to create and maintain a moisturized
environment, which is fundamental for generating optimal conditions for wound
healing, (ii) to enhance epidermal migration, (iii) to allows air exchange between the
eternal environment and the wound and (iv) to provides protection against dust.'06.197
However, the presence of moisture can also enhance bacteria and biofilm growth,
causing wound infections. In particular, Staphylococcus aureus and Pseudomonas
aeruginosa have often been found in wounds and wound dressing, causing infections

and a decrease of the wound healing process efficiency.'%

1.2.7 Problems related to biofilms in industry

Biofilm surface contamination have also major implications in different industrial
processes ranging from paper production to oil drilling and food processing.'®® In
particular, in food industry, biofilms are the cause of significant economic and health
issues, % due to food spoilage and the pathogenic nature of the contaminant bacteria
species (Vibrio spp, Pseudomonas spp., and Listeria monocytogenes).'%°-'"" Many of
these problems are related to the difficulties of removing biofilm from food processing
equipment, due to high resistance of biofilms to cleaning and disinfection (C&D).""?
Indeed, biofilms have been found to be resistant to most of the common C&D agents,
such as hydrogen peroxide, iodine, paracetic acid, ozone, surfactants, and quaternary
ammonium compounds.''?1"3 Moreover, these chemicals can cause metallic erosion

of the working equipment,''® which can pose a huge problem for the production
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process. Recent strategies for biofilms removal have employed enzymes as a primary
cleaning agents.' Enzymes are able to both degrade the EPS matrix
macromolecules, causing a weakening of the biofilm matrix structure, and to promote
cell lysis, causing the death of bacteria.''3'"®> Once the matrix is weakened, the biofilm
results easier to remove by mechanical cleaning procedures (brushing, flow, or
pressure).'S Moreover, a weakened matrix results less protective for bacteria, making
them more susceptible to normal C&D agents.'® However, enzymes are strongly
substrate-specific''® and, as described in section 1.2.1, the composition of the EPS
matrix varies from species to species.??3% Thus, in order to successfully degrade the
EPS components, a specific enzyme should be introduced according to the EPS

composition,’"® which limit the range of use of these products.

1.2.8 Problems related to biofilms in domestic environments

The proliferation of bacteria and biofilms proliferation cause problems not only in the
industry sector but also in domestic environments. Common domestic environments,
where bacteria in high concentration, are washing machines, toilets, cleaning utensils
and clothes. Washing machines in particular can contain more pathogenic biofilms (P.
aeruginosa and K. pneumoniae) than toilets."'® This problem has partially increased in
the last twenty-thirty years due to substantial variations in the chemical composition of
detergents and laundry processes for economic and environmental reasons, which
required lower washing temperature and fewer water demands.'"” These goals have
been achieved by the introduction of enzymes within washing detergents, and the use
of liquid detergents, most of whom do not contain disinfecting bleaching agents.'"® As

a result of these variations, most common washing cycles are performed at
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temperatures between 30 to 40 °C.''8'"9 While there are advantages for the
environment and economy, the use of such low temperatures does not remove
bacteria from clothes or washing machines. For instance, S. aureus, S. epidermidis,
P. aeruginosa, and E. coli have been found to survive laundry programs up to 50 °C.120
To eliminate biofilms and bacteria, temperatures of 60 °C or higher are needed."”
Lower temperatures may be sufficient for bacteria disinfection, but only if bleaches are
present within the detergents.'?' However, while bleach agents are commonly present
in hospital laundry detergents, they are not commonly found in household
detergents.’?? The presence of bacteria in washing machines causes problems non
only for the washing machines themselves, but can also cross-contaminate clothes.
This cross-contamination can induce malodour in washed clothes,'?® which gives the

idea to the consumer that the detergent is not performing as expected.

Apart for washing machines, kitchens and bathrooms are also known to be incubators
for bacteria and biofiim due to constant body contact with surfaces and food
handling.'?® The kitchen, in particular, has proved to be the room with most bacteria
and biofilms in the house.'?4125 Part of this is due to the presence of kitchen sponges
that were found to be the second-highest bacteria container of the house.'?* Kitchen
sponges are primarily made from open-cell polyurethane foams, also known as flexible
polyurethane foams (FPU). FPU foams usually have high porosity (> 90 %) and a large
surface area. These properties, together with the intrinsic liquid high retention, make
FPU foams an ideal media for biofilm growth. Within kitchen FPU sponges, many
different species of bacteria have been isolated, such as Salmonella spp,'?®

Escherichia coli spp,'?’2¢ Staphylococcus spp,'?’'?° and Klebsiella spp.'?"-129
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Moreover, due to their use, sponges spread bacteria on surfaces leading to food and

body cross-contamination, which can then result in foodborne diseases.'?’

1.2.7 Biofilm removal in kitchen sponges

To reduce, and remove, bacteria and biofilms from kitchen sponges, different products
have been produced and tested, such as bleach solutions'® and dishwashing
liquids.™?813" The use of bleach solutions has resulted in a reduction of > 99.9 % of
bacteria population in sponges when these have been left soaking in the solution for
5 minutes or more."3® However, these percentages tend to decrease when food and
other substances are present within the sponge.'®? Similar results have been found for
the use of dishwashing liquids in contaminated sponges.'?133 Indeed, the
concentration of Salmonella spp., Pseudomonas spp. and E. coli was found to slightly
reduce in laboratory tests, were sponges were contaminated with milk, lettuce, or raw
kitchen breast fillet suspensions.'?®133 However, no variation in bacteria concentration
was observed in used sponges collected from households that contained different food
residues.'?133 These studies suggested that bacteria removal in sponges depends on
various factors and that food residues within the sponge strongly affect the efficiency
of detergents. Because of this, and limitations in the use of antibacterial in washing
products, FMCGs companies have focused on developing detergents which can
remove food from sponges to tackle the bacteria contamination problem. However, to
fully understand how detergents act on food trapped within open-cell porous media, a
full understanding of the fluid dynamic of liquids within the sponges is required.
Unfortunately, nowadays this is still poorly understood, and new methodologies need

to be developed to increase knowledge on fluid dynamics within sponges, as well as
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on the bacteria and biofilm development within sponges and their relations with food

residues.

1.3 Imaging biofilm in porous media.

Whether it is for understanding how biofilms grow in porous media, or how they interact
with food residues and detergent within kitchen sponges, their visualization within the
foam is extremely important. Unfortunately, the visualization of biofilm in porous media
is not easy, since porous media are generally opaque and have irregular shapes. For
instance, optical techniques are strongly affected by the irregularity and opacity of the
porous media because the former causes image blurriness and background signal,
while the latter limits the depth of field of observation.'3* The techniques used to
visualize biofilm in porous media can be divided into two categories: invasive and non-
invasive.'* The techniques in the first category, which comprises scanning electron
microscopy (SEM), transmission electron microscopy (TEM), and confocal laser
scanning microscopy (CLSM), require pre-treatments that can alter the structure of the
biofilm and porous media.’®*'%6 The second, containing magnetic resonance imaging
(MRI) or ultrasound, have negligible effects on biofilm, but generally suffer from low

resolutions or low selectivity.

1.3.1 Scanning electron microscopy

SEM is able to visualize biofilms on sponges surface with high resolution.'37:138 For
instance, using SEM, Ribeiro et al '3 were able to observe and characterize three
biofilm colonization phases on PU foam, where the first two, cell adhesion and EPS

secretion, were related to biofilms formation, while the third, with microgranules
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formation, corresponded to the biofilm establishment. While offering the possibility of
such high resolution (= 10 nm), SEM requires pre-treatment of the specimen, including
fixation, drying, and coating with a conductive material,’® which can alter the sample
structure, and does not allow in-situ visualization. Of particular importance is that
drying can modify the biofilm morphology, because of the collapse of the EPS
matrix.'35136 Moreover, SEM is well-placed to visualize biofilms on the surfaces of the
sample, but cannot provide images of biofiims within the sponge,’® which can be
useful for some applications. Some of the SEM problems can be overcome by using
environmental SEM (ESEM) which enables matrix preservation, thanks to the use of
only moderate vacuum, does not require a conductive coating, and offers the possibility
to perform analysis in moist atmospheric conditions.'3?4! However, the absence of a
conductive coating generates difficulties in EPS visualization for biofilm growth in

absence of metals,’#? causing great variation of the images across the sample.’*®

1.3.2 Confocal laser scanning microscopy

CLSM has become extremely important for understanding the structure of biofilms,
through visualization of their three-dimensional structure in vivo.'*143 CLSM has the
advantage of analysing biofilms in their fully hydrated state, even on non-transparent
surfaces. 4145 Moreover, thanks to various dyes that can selectively target bacteria,
nucleic acids, EPS polymers, or proteins, the different components of biofilms can be
selectively visualized.'® CLSM can provide information on the spatial structure of
biofilm,'37:146 and has shown differences in the biofilm architectures and biofiims
biomass location depending on the bacteria species forming the biofilm.'* For

example, an inverted pyramid structure has been Vvisualized for Vibrio
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parahaemolyticus biofilm, with the biofilm biomass mostly located at the biofilm-liquid
interface.'*” Conversely, P aerouginosa biofilm have been found to have cell mass
mostly located close to the biofilm base.’” CLSM has also enabled the visualization
of biofilms under flow conditions, which have revealed a complex structure composed
of water channels, within the EPS matrix, separating cell clusters.'*'*Further CLSM
studies produced by recording images of latex bead fluorescently labels at different
times within biofilms have discovered that these channels are used by biofilms to
transport liquids to the different parts of the structure.’*® CLSM has also been used to
study the effect of antimicrobial, containing silver sulfadiazine, and non-antimicrobial
surfactant-based wound dressing in the development of biofilms.'>® Confocal images
have shown how both microbial and non-antimicrobial surfactants cause the dispersion
of the biofilm and the lysis of the bacteria.’®® While offering good image resolution and
high flexibility thanks to the different fluorescent labels that can be used, CLSM suffers
some of the same problems as SEM. Indeed, CLSM needs to pre-treat the sample,
which in this case requires staining bacteria with fluorescents dyes,'° that could have
a negative impact on the bacteria cellular metabolism.'®! The staining process also
causes a problem when the biofilm is within a sponge, because of the staining of the
sponge itself. The difficulty of removing the stain from the sponge, makes difficult the
separation, within the image, between the biofilm and the sponge structure. To avoid
sponge staining and facilitate the visualization of biofilm within it, CLSM can be used
in combination with fluorescent in-situ hybridization (FISH) technique. FISH uses
fluorescent-labelled nucleic acid probes to attach the bacteria to specific rRNA
regions,'? making sure the sponge is not stained. Biofilms within the sponge are then

visualized with CLMS using the fluorescence signal of these nucleic acid probes, while
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the sponge structure is visualized using the autofluorescence of the sponge.’” The
images of biofilms and the sponge are then overlapped using post-production software,
such as ImageJ'® or Adobe Photoshop'®4, to highlight the position of biofilms in
relation to the sponge structure.’” While the combination of CLSM and FISH enables
the visualization of biofilm in kitchen sponges, the requirement of a long hybridization
procedure (2 h at 42 °C) and the long washing up of the sample (10 min at 43 °C),"%"

do not allow in-situ visualization of biofilm formation within the sponge.

1.3.3 X-ray computed tomography

X-ray computed tomography, compared to CLSM and SEM, can provide non-invasive
and non-destructive 3D images of the interiors of porous media'®®, thus can visualize
biofilm growth within the sponge. '*° Images of the interior of opaque systems, like
porous media, are produced by mapping the absorption of X-rays through the
sample.’® The absorption rate depends on the atomic mass of the objects imaged,
thus it is related to the chemical composition of the sample.'® If the sample
components have different attenuation coefficients, contrast can be produced and a
clear image of sample components can be produced. Unfortunately, biofilms do not
provide sufficient difference in contrast with plastic foam matrix. Indeed, biofilms, foam
matrices, and aqueous phases have similar X-ray attenuation coefficients, making it
challenging to distinguish between the three components in X-ray computed
tomography experiments. Where this is the case, contrast agents need to be used to
increase the contrast between the three components. Over the years, different

approaches and different contrast agents have been used to tackle the problem, which
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include the staining of the porous media'®® or the biofilm."®” For the staining of porous
media, particulate barium sulphate suspensions have been used. BaSOs particles
label pores non-colonized by biofiims, while they do not interact with the biofilms.%¢
However, since BaSO4is a heavy compound, it causes sedimentation and aggregation
of the particles, which lead to image artefacts and can induce biofilm detachment.'%6
For biofilm staining, silver-coated microparticles (10 um) have been deposited at the
biofilm surface, which allowed the visualization of the liquid-biofilm interface.’®’
Unfortunately, this method suffers from a non-homogenous distribution of
microparticles on biofilm, causing great variation of the images across the sample.’®’
Apart for the difficulty in finding appropriate contrast agents, X-ray computed
tomography can also suffer from problems caused by the energy of the X-rays used.
Indeed, the high energy required for the measurements can potentially damage

bacteria during the exposure.34

1.3.4 MRI visualization of Biofilms

As biofilms are composed of up to 97% of water, mostly located in the EPS." they can
be readily visualised by MRI. MRI typically uses the signal from water protons ('H) to
produce images, so the high percentage of water within biofilms allows them to be
directly imaged. Moreover, being non-invasive, MRI allows measurements in the
original biofilm cultivation environment, making it possible to monitor the same biofilm
as it grows.' 8 It is also then possible to follow the same biofilm under a range of
conditions that can maybe inhibit their growth and to probe biofilms in a way that it is
possible to determine the factors that influence biofilm growth. However, considering

biofilms mostly grow in aqueous environments, there is a question concerning whether
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there is sufficient contrast between the biofilm and surrounding water, using "H MRI.
Fortunately, MRI offers a range of parameters which through contrast can be achieved,
such as NMR relaxation times, flow, and diffusion. For instance, the mobility of water
in biofilm is restricted, leading to an enhanced NMR T; and T2 relaxation time.
Typically, T2 relaxation time of pure bulk water is around 1-2 s, while NMR T2 relaxation
time in biofilm is in the order of 100-200 ms.'®® This variation in T> has been used to
produce contrast. T> - and Ti-weighted images have been used to investigate the
variations in the structure of different biofilms, such as sludge flocs, carrier-based
biofilms, and granulated biofilms.'®® Sludge flocs biofilm were found to be composed
of a loose network with small-scale heterogeneity.’®® Carrier-based biofiims and
granular biofilms instead showed a more heterogenous internal structure.'®® Studies
have also investigated biofilm growth within porous media, like MMBR, to understand
how the growth impact the porous media structure. Images of porous media are
generally produced indirectly by imaging fluids, commonly water, contained within the
voids of the porous media.’®".162 As for water in biofilms, the mobility of water in porous
media pores is also restricted because of the its confinement within pores. Thus, a
reduction in NMR T4 and T2 relaxation times is also observed for water in pores, which
makes it more difficult to achieve contrast between the biofilm and bulk water within
the porous media. Fortunately, while the NMR T2 relaxation times of bulk water in pores
are similar to the ones of water in biofilm, T1 are generally different, which can make it
possible to obtain a proper contrast acquiring T1 weighted images.'®® Ti-weighted
images have been used to study the development and impact that biofilms growth has
on the pore structure of a homogeneous porous media model.'*® The images revealed

a heterogeneous spatial distribution of the biomass within the porous media as a
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function of biofilm growth. while the homogeneous porous media was transformed into

a complex heterogeneous system. %8

In addtion to MR relaxation time imaging, diffusion MRI has also been used to explore
the structure of biofilms and how this structure changes over time. The diffusion
coefficient of water within a biofilm is approximately 20 — 30% lower than the diffusion
coefficient of free water. ' Thus once again it is possible to use this variation to
generate contrast between biofilms and bulk water. MRI diffusion measurements have
been performed on both biofilm mimics'®® (alginate) and real biofilms.'6¢-16% Time-
resolved MRI diffusion images, on Shewanella oneidensis biofilms, has shown various
diffusion coefficients within the biofilm, suggesting heterogeneity in the biofilm
structure.'®® This heterogeneity was found to be higher at the bottom of the biofilms,
and also increasing with biofilm ageing, with the diffusion coefficient becoming more

restricted with time 1% Similar results were also found for phormidium biofilms. 16

Magnetic resonance imaging can also be used to visualise flow."”%172 Flow MRI has
been applied to the study of biofilms, investigating the effect of fluid flow on biofilm
detachment and deformations'”3174, as well as the determination of how biofiims alter
the flow pattern in systems like pipes or moving bed biofilm reactors.'”® For example,
the study of local flow velocities through T2 velocity maps within an MMBR, showed a
decrease of flow velocities toward the biofilms’ surface.'”® Moreover, the flow
resistance was found to increase as a function of biofilm growth, which can cause
biofilm detachment.'”®> Detachment of the biofilm was also observed in regions of

higher shear stress.'74176 An important sector in which flow-MRI has also been
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employed is biofilms growth within porous media, like packed bead reactor'’” or
homogeneous porous media model'®® (e.g. glass beads).In these systems, flow
images were used to link biofilms growth to the hydrodynamic dispersion within pores,
providing results suggesting a connection between biofilm growth and the transition

from normal diffusive transport to anomalous diffusive transport within the pores.’%8.178

1.4 Thesis outline

The aim of this research project was to develop new multi-vision methodology to
visualize the growth of biofilms in porous media in a non-invasive way, which could
enable to monitor biofilm development in-situ and in time, and to correlate this growth
to porous media properties and food viability within the media. In order to achieve this,
we focused on three main objectives: (i) develop new way to characterize polymeric
open-cell porous media, when the media are saturated with liquids; (ii) establish new
ways to image food and biofilms within porous media in a non-invasive way, which
could enable to monitor biofilm development in-situ and in real-time; (ii) correlate this
growth to porous media properties and food viability within the media. In this vision,
MRI has been used in conjunction with other optical imaging methodologies to
characterise the structure, growth, and properties of biofiims in several different

environments, with a particular focus on open-cell polyurethane sponges.

Chapter 2 contains the description and characterization of porous media and describes

the theoretical background of NMR, MRI, X-ray yCT, and CLSM, which have been

used to perform the study.
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Chapter 3 focuses on the characterization of an open-cell polyurethane foam, whose
properties, such as pore size distribution and porosity, are fundamental for the
understanding of the relation between the foam structure and biofilms development.
NMR and MRI have been used to evaluate the pore size distribution of a PU open-cell
foam. By combining the pore size distribution determined with X-ray uCT, with the MRI
and bulk T, relaxation time distributions, and their variation upon compression, a
correlation between the pore size and the T2 relaxation times in PU open-cell foam was
found, which allows the direct measure of the pore size with magnetic resonance

methods.

In chapter 4, the growth of biofilms and the distribution of food within PU foams are
investigated. Being able to visualize how food is distributed within a sponge can help
to understand how this is linked to biofilm development. For the study, CLSM images
of biofilms in sponge and MRI chemical shift selective images (CHESS) of water and
oil in sponge are presented. The former shows the difficulties in using CLSM to
visualize biofilm in PU foam due to the absorbance of the contrast agent by the
polymeric matrix. The latter shows the possibility to use CHESS to spatially visualize

possible biofilm nutrients within PU foams.

Chapter 5 focuses on the visualization of biofilms using MRI, with the aim to develop
new ways to image biofilms within porous media without the need for contrast agents.
In particular, MRI chemical exchange saturation transfer (CEST) method was tested
as a new method to visualize biofilm without using contrast agents. Analyses were

performed on alginate gel, chosen as biofilm mimic material due to its presence in
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different biofilm EPS. The results show the possibility of using CEST for biofilm

visualization.
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2 METHODS AND THEORY

In this thesis, magnetic resonance and X-ray tomography techniques were employed
to characterize polyurethane open-cell foams, image food sources within foams, and
develop new methodologies to visualize biofilms. An overview of these techniques,
and the characterisation of porous media, are provided in this chapter. Further insights

can be found in the different textbooks and papers cited in the chapter.

2.1  NMR principles

Nuclear magnetic resonance (NMR) provides information by using radio-frequency
(RF) radiation to probe the environment of NMR active nuclei." When placed in a static
magnetic field (Bo), nuclei precess at the Larmor frequency (»), which is related to the

gyromagnetic ratio, y, and By. '

w=—YyYB, 2.1

Figure 2.1Schematic diagram showing precession of the nuclear magnetic moment,

U, in a static magnetic field Bo.
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Moreover, the orientations and the energy levels for each atomic are quantised and
nuclei distribute among the two.? For instance, For "H nuclei, two possible orientations
are available, defined as spin-up and spin-down.? At equilibrium, multiple spins will

populate these levels according to the Boltzmann distribution (equation 2.2)?3

Noje _ b 2.2
Niq/p

where T is the temperature, k is the Boltzmann constant, N.12 and N«12 are the

population spin-down and spin-up states respectively.

— AE

Figure 2.2 Schematic diagram showing the energy levels and the orientation of the

spins of an | = 1/2 nucleus when placed in an external magnetic field Bo

Since the spin-up state has slightly lower energy compared to the spin-down, it has a
small population excess. This small excess generates the macroscopic magnetization
vector (Mo), which is aligned in the direction of Bo, which is the spin-up state at thermal

equilibrium.? The population of the states, and therefore net magnetisation, can be
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manipulated by applying RF pulses, at the Larmor frequency, along the x, y, or z-
axes.>* The duration of the RF pulse, t, and power, B+, control the degree, or flip angle,

0, of deflection for the net magnetisation, (equation 2.3).34

0= %Bltp 2.3
At equilibrium, Mo lies along the direction of Bo, which is defined as the z-axis. Thus,
the application of 90° or 180 ° RF pulses deflects Mo into the x-y (transverse) plane or
onto the z-axis, respectively.3* In terms of the population of the state, in the case of a
90° pulse this means equally distributing the spins among the energy levels, while in
the case of a 180° pulse it means inverting the spin population. It is important to
highlight that the NMR signal is only detectable when My lies in the transverse plane?
where the precessional motion induces an oscillating voltage in the RF coil, leading to
the NMR signal, also known as the free induction decay (FID).* This signal will decay
over time, due to the recovery of the thermal equilibrium. ® The FID is in a time
domain. A Fourier transformation is then applied to the FID to determine the frequency

domain NMR spectrum.®

2.1.1 Chemical shift
The NMR frequency of nuclei is determined by its gyromagnetic ratio and by the
strength of Bo.* However, within different molecules, there is frequently a variation of

magnetic field experienced by nuclei, caused by magnetic inhomogeneities generated
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by different chemical environments. This results in a chemical shift of the NMR signal®

and is the foundation of structure elucidation by NMR spectroscopy.?

2.1.2 NMR relaxation

NMR relaxation occurs as the system returns to thermal equilibrium after the
application of RF radiation.3° Two different relaxation processes can occur, which are
defined as spin-lattice relaxation (T+1) and spin-spin relaxation (72).34 Local magnetic
fields oscillating at the Larmor frequency causes both Ty and T- relaxation.3# However,
T2 relaxation is also affected by non-oscillating local fields.# The variation of the local
magnetic field is dependent on different factors, such as dipolar coupling and molecular
motion.*5 Dipolar coupling describes the interaction of the magnetic fields between
spins, and it is dependent on the distance r between the two nuclei and on the angle &
of the vector joining the two spins relative to the direction of Bo.>% Paramagnetic
species possess a strong magnetic moment, caused by unpaired electrons, which
enhance the relaxation process caused by dipolar coupling.® The angle #and distance
r change in time due to molecular tumbling. This causes a variation of the local
magnetic field with time that enhances the relaxation process of the spins.3® Molecular
tumbling, is characterised by a rotational correlation time tc, which is the average time
needed for the root-mean-square deflection of a molecule to tumble by one radiant.?
T+ relaxation is dependent on the probability that local magnetic fields have a
component oscillating at the Larmor frequency.® At short ¢, thus at fast tumbling, the
frequency generated by the molecular motion will have a high probability to be at higher
frequencies compared to the Larmor frequency and they will only slightly affect the

T1.35 Similar effects on the T: are observed at slow tumbling (long tc), where the
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frequencies generated will be lower than the Larmor frequency.®® Instead, when the
frequency of the magnetic fluctuations matches the Larmor frequency, the lowest T is
achieved.># Thus, as shown in Figure 2.3, T1 will be longer at short zc, it will decrease
and pass through a minimum while the tc becomes longer, and then it will increase,
reaching again its maximum value at longer tc. T2 instead, is dependent on both fields
oscillating at Larmor frequency and non-oscillating fields.# Because of the dependence
on non-oscillating fields, T2 will not pass through a minimum as T4, but it will keep

decreasing as tc becomes longer.?

Log (T.) T

Log (t.)

Figure 2.3 Schematic graph showing the T1 and T, relaxation time with the

correlation time .

Both T4+ and T: relaxation times are used to obtain molecular information on the
substances studied. For instance, NMR relaxation time measurement is the main
technique used to study the flexibility of proteins and their internal dynamics.® This is
possible because changes in the global and local motion of the protein, causes a

variation of the relaxation times, which can be associated with the protein flexibility.
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Changes in T4 and T2 relaxation times are also used to study the dynamics of polymers
in various environments and their crystallinity. 7 Indeed, an increase in crystallinity
causes an increase of dipole-dipole interactions which results in a faster T» relaxation
time. In porous media instead, relaxation times variations caused by the pore structure
are used to evaluate various parameters, such as wettability, fluid distribution, pore

size distribution, and permeability.®

The time taken for the spins to return to thermal equilibrium is defined by T4 relaxation
time. Spin-lattice (T1) relaxation is frequently determined using an inversion recovery

pulse sequence, whose schematic is visible in Figure 2.4.24

180,° 90, °

Figure 2.4 Schematic diagram of an inversion recovery pulse sequence.

In this sequence, an initial 180° RF pulse is applied which invert the population of the
spins and brings Mo along the — z-axis. The system returns to equilibrium during a time
r after the 180" pulse. Finally, a 90° RF pulse is applied, which places Mo in the x-y
plane allowing the FID to be collected. To measure how the magnitude and sign of

magnetisation change because of the relaxation process, the pulse sequence is
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repeated applying each time a different 7. T1 relaxation time is then determined by

fitting the recorded signal intensity, as a function of z, to equation 2.4. 34

M, = M, (1 — ZeT_l) 2.4

T> relaxation time is the time required for magnetization in the transverse plane to
decay to ~ 37% of its initial value decay, because of spins de-phase and magnetisation
decay.® When the magnetization is brought in the transverse plane by a 90° RF pulse,
the spins are initially phase coherent.* However, as described in section 2.1.2, spins
experience a range of local magnetic fields from By inhomogeneities and intra- or/and
intermolecular interactions.?® This causes spins to precess at different frequencies,
leading to a loss of coherence and decay of the signal.* Both effects give rise to an

effective time constant T>*, described by equation 2.5.4

1_1, 1 25
TZ*_TZ

T2(aB0)

where TxuBo) considers the effect of the static magnetic field inhomogeneity and T»

considers the effect of intra- or/and intermolecular interactions. T> relaxation time is

measured using a spin-echo sequence,'® shown in Figure 2.5.
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Figure 2.5 Schematic diagram of a spin-echo pulse sequence.

During the sequence, an initial 90° RF pulse is applied which flips the magnetization
onto the x-y plane. Once on the transverse plane, due to the spins start to de-phase
during the first period t. After this, a 180° RF pulse is applied which inverts the
magnetization. During the second z period, the spins refocus eventually forming a spin
echo.* However, spins are refocused only if they experience the same magnetic field
during the whole spin-echo sequence. Indeed, if the acquisition time the spins diffuse
to a position where they experience a different magnetic field, they will not be
refocused. Thus, the measured signal is attenuated and the percentage of this
attenuation will be exponentially proportional to z.'"'2 A way to minimize the diffusion
effect is using the Carr-Purcell-Meiboom-Gill (CPMG) sequence instead. CPMG
sequence (figure 2.6) repeats the ~180°-7 par of the spin-echo sequence for n times,
after the application of a single 90° RF pulse, using short 7. In this way, multiple echoes

are formed whose decay can be fitted with equation 2.6 allowing the evaluation of T,*

s@n) & 2.6
= e 2
S(0)
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Figure 2.6 Schematic diagram of the CPMG sequence.

2.2 Magnetic resonance imaging
The application of a magnetic gradient to a static magnetic field, causes the precession

frequency of the spins to be dependent on their position r and the gradient strength G.

w(r) = yBy + yGr 2.7

This dependency enables to use NMR to obtain spatial information about the sample
under investigation. In MRI, images are produced by acquiring K-space data and then
applying a Fourier transformation to the data. Since K-space, also known as reciprocal
space vector, is dependent on the gradient strength G and the gradient duration ¢
(Equation 2.8), spatial information can be encoded in two way: (i) frequency encoding,
when t is changed keeping G constant, and (ii) phase encoding, when G is varied

keeping t constant.3.14
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k= — 2.8

When performing frequency encoding, the gradient is on while the signal is acquired.
This makes the spin precession dependent on their position, as described in equation
2.7. Thus, the NMR signal intensity recorded will be dependent on how many spins
precess at a precise frequency. In phase encoding the magnetic field, the gradient is
applied before the signal is acquired. In this way, the frequency of the spins will remain
the same during data acquisition, while their phase will be different depending on the
spin position, making the image reconstruction possible. While frequency encoding
can be used alone to produce a 1D profile of all the spins projected onto one axis, a
combination of frequency and phase encoding is needed to produce 2D and 3D
images. Indeed, by applying both frequency and phase encoding, a 2d data set of the
in k-space can be produced. A 2D Fourier transformation of this data set produces a
real-space 2D profile that is a projection of all the spins onto the third dimension.
Important, to produce a 2D image of a plane of the sample, is the slice selection. Slices
are selected by applying a soft RF pulse magnetic field gradient perpendicular to the
direction of the plane to image, and a soft RF pulse.'® The RF pulse frequency encodes
the spins by only exciting spins with a specific frequency.'® This is achieved by
adjusting the RF duration.'® In this way, only spins at specific positions are excited,

allowing the acquisition of the desired 2D image.

For the acquisition of images, various sequences can be used which are generated by

the combination of slice selection, and phase and frequency encoding. One of the most

49



2. METHODS AND THEORY

used is the spin-echo imaging sequence.'* In the spin-echo sequence, for each data
point, a specific magnetic field gradient needs to be used. Thus, for high-resolution
images, long experimental times are required.'®The acquisition time can be reduced
by using a Rapid Acquisition with Relaxation Enhancement sequence (RARE)." In this
sequence, multiple echoes are acquired for every single excitation. The higher the
number of echoes used, the shorter the acquisition time is. Images recorded with
RARE are dependent on T2 relaxation time and spin density. The dependency on T2
relaxation time increases as the rare factor increases. This is related to the fact that as
the rare factor is increased, the time between two successive excitations is lengthened,
which means the spins have more time to de-phase between the two pulses. This leads

to a reduction of the T> relaxation time and a formation of T» contrast in the image.*

2.2.1 MRI Contrast

One of the main advantages of MRI compared to other techniques is the possibility to
obtain contrast in different ways, allowing the visualization of specific sample
characteristics. Contrast can be generated in four main ways: (i) spin density, (ii)

relaxation time, (i) chemical shift, and (iv) molecular motion (diffusion and flow). '8

Spin density contrast is achieved by varying the number of excited spins. The more
spins are exited, the higher is the signal intensity in a specific pixel."® To produce a
spin density image, the relaxation time contrast needs to be minimized, which means
using a much shorter echo time (7Tg) than T2, and a repetition time (7r) longer than 5x
T1."%The variation of the relaxation times within a sample can be used as a contrast, to

produce T1 and/or T, weighted images and maps.' In this work, only T, relaxation time
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maps have been acquired. With the acquisition of T, relaxation time maps the
relaxation time of each pixel is measured.'® To produce a T relaxation time map, a
series of images with different Te and constant 7,2 5 x Tq are acquired. Long T are
needed to avoid T4 contrast in the images. The images acquired are then packed
together and the signal intensity decay for each pixel is fitted with equation 2.6. In this

way, the relaxation time for each pixel is determined.

In systems with more than one component, the difference in chemical shifts between
the component can be used to generate image contrast.'® In these systems, the spins’
frequencies are not only dependent on the position but also on their chemical
environment which, as described in section 2.1.1, causes different spins to have
different Larmor frequencies. To record a chemical shift image various methods can
be applied."In this study, Chemical Shift Selective (CHESS) imaging?® has been used.
This method saturates the unwanted contributions and only excites the desired
frequencies so that the signal recorded is generated only by specific spins. The
sequence used to perform CHESS is displayed in figure 2.7. A first 90° pulse is applied
which flips the spins with undesired frequencies. This is followed by a gradient pulse
that de-phases the spins in the transverse plane leading to their saturation. At this
point, space selective 90° RF pulse is applied to excite the desired spins. In the end,
a spatially selective 180° pulse is applied which refocuses the spins and allows the

formation of an echo.
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Figure 2.7 Schematic diagram of a CHESS imaging sequence.

2.2.2 Chemical exchange saturation transfer imaging

Chemical exchange saturation transfer (CEST) is an MRI technique that uses the
chemical exchange of protons (like the one in the hydroxyl group) of target molecules
with water, to indirectly image the former through the water signal.?"?®> To better
describe the exchange process and how contrast is generated with CEST, a two-pool
system, consisting of a small solute pool, with the solute able to exchange protons,
and a larger water (solvent) pool, is generally introduced. In CEST, a frequency-
selective RF saturation pulse at the frequency the solute exchangeable protons is

applied.?"?2 This frequency-select RF pulse equalize the number of the spin-up and
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spin-down protons, generating a not net magnetization, which means there can be no
NMR signal. This process is also known as saturation process. This saturation can be
transferred from the solute pool to the water pool by a chemical exchange between
saturated protons and non-saturated water protons.?'?? This leads to a reduction of
the water signal that is proportional to the solute concentration and the efficiency of
the proton exchange process. This process of saturation and exchange between
saturated solute protons and non-saturated water protons continues during the whole

time the saturation process is applied, amplifying the water signal reduction.

a)
Solute pool Water pool
o) (o)
VAR 7\ 7 N\ VAR 7\ VAR
‘ H H H H ‘ H H H H ‘ v H H H
O—H O—H O—H
(0] 0 O 0 O
SN N NN N 2N N
H  H H H  HH H

Signal

' TR N

Time

Figure 2.8 Diagram describing the CEST effect. A solute is saturated by an RF pulse,
which reduces its signal. The saturated hydrogen is then exchanged with an
unsaturated proton of the water, causing a reduction of the water signal. This process
continues during the experiment time leading to an amplified decrease in water

signal.

Since the exchange of protons occurs only in regions of the sample where the target

molecules are, the reduction of the water signal is localized to these regions. This
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localized water signal reduction can then be used to generate a contrast that allows
the visualization of the solute. However, since frequency-selective RF saturation
pulses are generally not perfectly frequency-selective, other processes can occur
which cause the reduction of water signal, such as direct saturation of water protons.?’
Direct saturation is caused by the fact that being not perfectly frequency-selective, the
RF saturation pulse cantered on solute resonance frequency will have components at
the water protons resonance frequency, which cause the saturation of the latter. This
generates a reduction of water signal that is not related to chemical exchange. For
solid or semisolid-system magnetization transfer (MT) can also occur. Magnetization
transfer is similar to the CEST effect. In MT, an exchange of saturated protons occurs
between macromolecule and water molecules. However, differently from CEST, MT
involves only solid or semi-solid macromolecule and is not dependent on the spectral
position of the RF saturation pulse as in CEST. Both direct saturation and
magnetisation transfer are dependent on B1. Thus, spatial inhomogeneities can affect
DS and MT, causing problems for CEST experiments. To assess these different

saturation processes, a z-spectrum is generally produced (figure 2.9).
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Figure 2.9 example plot of a z-spectrum and MTRasym

In the z-spectrum, the signal of the water is plotted as a function of saturation
frequency. In this way, it is possible to visualize eventual water signal reduction caused
by chemical exchange saturation transfer, direct saturation and magnetic transfer.
Since direct water saturation effects are symmetric with respect to the resonance
frequency of the water,?'24 the CEST effect can be evaluated by subtracting the water
signal intensity at a specific chemical shift (Ao) with the water signal at the opposite
chemical shift (-A®), where Ao is evaluated from the water frequency resonance that
is considered at 0 ppm. In this way, the CEST magnetic transfer asymmetric ratio

(MTRasym) is derived by :
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S(—Aw) — S(+Aw)
MTRysym = 5
0

2.9

where Sy is the water signal in absence of frequency-selective RF saturation pulses.
This analysis is also able to remove possible contributions from magnetisation transfer
and to correct eventual B1- inhomogeneities. By determining this pixel by pixel, a CEST
map can be produced which allows the visualization of the solute or target compound.
However, before evaluating the MRTasym, corrections typically need to be performed to
the image due to magnetic field (Bo) inhomogeneities. Bo inhomogeneities cause a
position-dependent shift of each pixel spectrum, meaning that the Aw can be different
for each pixel.?* To correct this, the z-spectrum for each voxel will be interpolated to
find the minimum point. The minimum corresponds to the real water resonance
frequency. The frequency of each pixel is then shifted to this point to correct the Bo

inhomogeneities.

CEST imaging has several advantages over other MRI imaging techniques
(relaxometry or diffusion), such as higher sensitivity, which can be up to 5 times higher
compared to other MRI techniques, or the possibility to image only specific
compounds. For instance, for biofilms in porous media, T>-weighted images have
difficulties in separating biofilms and water within pores, because the variation of T>
can be caused both by biofilms and porous media structures. Instead, as described
before, CEST effect is frequency-selective. Thus, contrast for a specific compound is
only produced when an RF saturation pulse is applied at the resonance frequency of

the exchangeable protons of the compound. This means that, depending on the
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frequency of RF saturation pulse used, the CEST effect for a specific material can be

turned on and off, allowing to identify, with high precision, the presence of the material.

2.3 Complementary techniques

In this work, other techniques complementary to MRI have been used to characterize
porous media and visualise biofilm. In particular, uCT has been used to investigate the
structure of a polyurethane open-cell foam, while CLSM has been used to visualise
biofilm formation within them. As will be described in the next paragraphs, yCT and
CLSM enable the possibility to produce a series of information that are not achievable

with MRI.

2.3.1 X-ray micro-computed tomography

X-ray tomography is a non-destructive technique that can be used to visualize the 3D
internal structure of materials with a micron-scale resolution.?®> Where the spatial
resolution is on the order of 50-100 um, the technique is named X-ray micro-computed
tomography or uCT. As the name suggests, uCt is based on the interaction of X-ray
photons with the material under study, which is described by the Lambert-Beer

equation:?®

[ = e~ lue)as 2.10

where /o is the intensity of the emitted X-rays before reaching the sample, / is the X-

ray intensity after traversing the sample, s in the sample thickness and u(s) is the X-

ray attenuation factor. The value of u(s) is dependent on the atomic number (Z) and
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on the material density (p), thus higher X-ray adsorption is achieved for elements with
higher atomic numbers.?52% To acquire an image, the sample is irradiated with X-rays
emitted from an X-ray generator. Meanwhile, the sample is rotated, up to 180° and
360° degrees, at small angle increments. The emitted signal, at each increment, is
recorded on a CCD detector, producing 2D projections.?” These 2D images are then
reconstructed to produce a 3D image of the sample.?” To record the 2D projection,
important parameters are the image contrast and spatial resolution. Image contrast, in
uCT images, arises through partial and differential X-ray absorption.?” For the former,
part of the irradiated X-rays need to be totally or partially adsorbed. If all or none of the
X-rays are adsorbed, no contrast results. The latter arises through differences in X-ray
absorption, within the sample, caused by the different chemical nature of the materials
composing the sample. If there is no difference in X-ray absorption between the
different parts of the sample, there will be a uniform grey level within the image. Spatial
resolution is controlled by the X-ray source, the distance between source, sample and
detector, and the sample size.?® Greater resolution is achieved using a micro-focused
X-ray beam, reducing the distance between the X-ray source and the sample as well
as reducing the sample size.?® However, when recording an image, the choice of these

factors is determined by a combination of the desired field of view and scanning time.

Compared to MRI, which usually has a resolution of 10s-100s of microns, uCT offers
a much higher resolution (around 50 pm), which allows the direct visualization of
porous media internal structures, providing information such as the dimension and the
surface area for every single pore. However, the fact that images are produced using

the variation of intensity caused by differences in electron density between the different
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part of a sample, and the long experimental times, do not allow the study of the fluid
transport within porous media. MRI instead, produces images of porous media
indirectly, by imaging the fluid contained with it. The lower resolution does not allow
the characterisation of every single pore. However, as described in paragraphs 2.4.2
and 2.4.3, with MRI it is possible to evaluate the pore size distribution of the media,
the permeability, and to evaluate flow processes that will be impossible to visualize

using uCT.

2.3.2 Confocal laser scanning microscopy

Confocal microscopy is a technique used to visualize high-resolution structures in
different fields. The confocal microscope was introduced in 1957, by Marvin Minsky?°,
to improve the resolution of the conventional microscopes by reducing the amount of
light coming from out of focus planes of the sample. A confocal microscope is
composed of a laser source, a scanning mechanism, a light detector with a pinhole
placed in front of it, and lenses to direct and focus the light.2° The pinhole plays an
important role in the operation of the microscope. As illustrated in figure 2.10, only the
light coming from the focal plane passes through the pinhole, while the light from out
of focus plane is blocked by the pinhole walls.3® Thus, reflected light originated from
sections that are not in the focal plane is omitted, yielding to a sharperimage compared
to the one acquired with a standard microscope. Another advantage of confocal
microscopy over conventional microscopy is the possibility of imaging different optical
sections (x-y planes) through the sample along the axial axes,' permitting the
acquisition of 3D images by simply recording different sections and reconstructing

them using computer software. 3’
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Figure 2.10 Confocal diagram configuration.

The confocal microscope can be used in different modes. The most commonly used,
also utilized in this work, is the fluorescent mode. In this mode, the laser is used to
selectively excite fluorescent molecules or tags intrinsic, or added, to the sample.
Backscattered fluorescence is then used to record the image.®' Moreover, confocal
microscopy also offers the possibility to select the range of wavelength to detect. As a
result, dual-channel images can be recorded, where different features within the
sample are stained with two different dies, and images of the same focal plane are

recorded using two different channels and subsequently overlapped.?’

2.4 Porous media characterization

All the previous techniques introduced in this chapter have been used, throughout

years, to study and characterised porous media and the various processes occurring
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within them (flow, biofilm growth, filtration, and so on). Before going into details on how
it possible to use these techniques to extract information on porous media, it is
important to define what a porous medium is, and which are the parameter used to

characterise it.

A porous medium can be defined as a single object, or an ensemble of solids objects,
with open spaces within or around them, large enough to let a fluid flow.>? This
definition is quite broad and includes two main concepts of porous media. The first one
considers a porous medium as a single continuous object containing holes within it,
which can be connected or not, such as a sponge. The second considers a porous
medium as a collection of objects packed together in a way that fluid can move
between them, like a tube filled with glass spheres. Depending on which concept is
used, the medium can be defined respectively as consolidated or unconsolidated.?? In
this work, we will refer to the first concept (consolidate) when using the term porous

medium.

2.4.1 Pore structure parameters

A wide range of natural or man-made materials can be defined as porous media.
Among these, we can find biological tissues (wood, bones), soil, rocks (e.g.
sandstone),3® ceramics, cement, and polymeric foams.>* Regardless of their
composition, porous media are frequently characterized by three important
parameters: porosity, specific surface area, and permeability.3®,36 Porosity (¢) defines
the fraction of bulk volume sample occupied by pores,® and its value can change

depending on the nature of the porous medium. For instance, open-cell metal
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(aluminium, copper) foam or polymeric foam usually have high porosity ( > 80%),%"
while in rocks, porosity typically does not exceed 40%. Important, in the definition of
the porosity and on the typology of porous media, is the pore classification. Indeed,
within porous media, it is possible to encounter three kinds of void spaces: effective/
interconnected, dead-end/blind, and isolated/non-interconnected.?®> As the name
suggests, the former are pores connected to other pores and they constitute a
continuous phase in the medium.3® The dead-end pores are connected to other pores
only from one side % (like a cul-de-sac street). The latter instead are completely
isolated.®® If more than half of the pores of a porous media are interconnected porous,
the media is defined as open-cell. Conversely, the media is defined as closed-cell. The
type of pores plays also an important role in flow within porous media. Indeed, only
interconnected pores and dean-end pores contribute to the transfer of fluid within the
sample.3® However, the contribution of the latter is generally so low that can be
neglect.®® To keep into consideration the percentage of pores that actively contribute
to fluid flow, the effective porosity has been introduced, where effective porosity is the

percentage of pores that actively contribute to fluid transport.38

Specific surface area (S) is the sum of all the surface areas of the pores within the
medium. Its evaluation is fundamental in assessing the efficiency of filters, industrial
adsorbents, etc. 353 Surface area is also related to the permeability (k) of the medium,
which is defined as the measure of the flowing ability of fluid through the porous
specimen.’® These three parameters are interconnected with each other and are
fundamental to the characterization of the media. Depending on the application of the

porous media, other parameters can be used for characterization, like tortuosity (7).
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Tortuosity is geometrically defined as the shorter path length through a porous
structure dived by its thickness.*® Tortuosity, permeability and porosity are important
to the understanding and description of fluid transport in porous media, and related by

the Carman-Kozeny equation:*!

3

%

with ¢ shape factor.

The kinetic of the liquids in porous media however is dependent not only on the porous
structure of the media (e.g. porosity, pore size, permeability), but also on the surface
energy of the material composing the media, and on the nature of the liquid. These
parameters are all included in the Lucas-Washburn equation, which is generally used

to describe liquid flow in porous materials: 42

r cosf
Y ) ¢

212

where [ is the fluid front distance, r the effective porosity, 8 the contact angle between
the solution and the porous media, y the surface tension of the fluid, and y the fluid
viscosity. T represents the elapsed time. Lucas-Washburn equation shows that the
fluid transport and capillary penetration in porous media exhibit a diffusive behaviour.
An increase in 8 will cause a decrease of the wettability and a reduction of liquid
uptake. However, the effect of contact angle has to be considered in conjunction with

y. Indeed, from equation 2.12, a decrease of y should results in a reduction of wicking.
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At the same time, a reduction of the surface tension will also cause a reduction of the
contact angle, which, has described above, will cause an increase of liquid uptake.
Therefore, the effect of the surface tension and contact angle cannot be considered
separately, but the whole ycos8, known as wettability function, has to be considered.*3
Viscosity also plays an important role. Indeed, an increase in viscosity will lead to a

decrease of the sample transport rate.*4

Lucas-Washburn equation has been extensively used in different area of research,
such as contact angle measurements and porous media characterization.4%46
However, it is important to highlight that equation 2.12 assumes that the media is
composed by a bundle of parallel capillary tubes which have the same radius, and that
the liquid properties, such as surface tension and dynamic viscosity, are constant.’
Moreover, it does not take into consideration the influence of gravity.*® Per contra, in
real porous media, the dimensions of the pores is usually not constant, and media are
generally tortuous. Because of this, the applicability of Lucas-Washburn equation to
real porous medias have been extensively studied and it still is under investigation

nowadays.*6

2.4.2 NMR relaxation time for measuring the pore size distribution

NMR T4 and T: relaxation time measurements have been widely employed to
characterise porous media, including determination of pore size distributions of porous
media saturated with fluid, such as water.4%5° This is achieved by the dependence of
T4 and T2 relaxation times on the size and shape of pores, the water content inside

pores, and the type of material constituting the pore matrix.5'°® When a fluid is
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contained in a porous media, the fluid molecules, are displaced at the centre of the
pores and absorbed on the surface of the pores.®' Because of the presence of bulk

molecules and adsorbed molecules, the spin-lattice relaxation rate can be given by:

1 1-
1_x_ (d=x 213

Tl TlS TlB

Where x is the fraction of water molecule adsorbed on the surface, Tisis the surface
relaxation rate and Tig is the bulk relaxation time. T1s is generally shorter than Tig,
because of dipolar interactions between surface groups and molecules adsorbed on
the surface, the presence of paramagnetic species in the matrix solid, and the reduced
mobility of adsorbed molecules. If we define the pore volume as V, the pore surface
area as S, and the fluid surface layer thickness as h, equation 2.13 can be rearranged

as:

1 1 Sh/1 1
_:_+_<___) 2.14
Tl TlB |4 Tls TlB

which is generally written in the following form

1 1 S
ey 2 2.15

T, Tig vV

where p1 is defined as the surface relaxivity parameter.
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In the case of T relaxation rate, a new term needs to be added to the equation to
account for the reduction of the relaxation rate caused by molecule diffusion within
internal magnetic field gradient,5>5% since the porous matrix and water possess
different magnetic susceptibilities, ypm and yw. This difference in magnetic susceptibility
(Ay) generates, within the pores, an internal magnetic field gradient.>* Protons diffusing
within the pore will experience a different magnetic field depending on their position.
This causes an enhanced dephasing of magnetisation which leads to a shorter T»

relaxation time. Therefore, the relaxation rare for T> can be written as:52

1_1 s 1 2.16

From equations 2.15 and 2.16, it is clear how both T4 and T> relaxation rates can be
used to evaluate the pore size distribution of porous media. However, T> relaxation
time measurements are generally performed, since it is possible to measure it with a
single experiment using a Carr-Purcell-Meiboom-Gill CMPG sequence.' Most of the
research performed using relaxation time concerns rocks and macro-porous materials
as a result of the high commercial importance these materials play in well logging. For
instance, different studies have been conducted on shale rocks to evaluate the pore
structure, which is fundamental for oil recovery.>>” Few or no studies have being

performed on polyurethane foams.

2.4.3 MRI for porous media characterization
MRI is extensively used to study porous media, in particular rocks. The possibility to

directly visualize liquids within the media, and to study how the NMR liquid properties
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(relaxation time and diffusion) are influenced by the pore structure, make it possible to
evaluate permeability, tortuosity, pore size distribution, and surface to volume ratio."®
However, MRI suffers from a lower resolution, usually 10s-100s of microns, compared
to other techniques, which makes it difficult to visualize a single pore. The lower
resolution is related to the way MRI works. In MRI, images reproduce the signal
intensity for each voxel, where signal intensity is proportional to the number of nuclei
within each pixel and is also affected by relaxation times of nuclei.’® An increase of
resolution means that a voxel will contain fewer nuclei, which translates in a lower
intensity and an increase of signal to noise ratio (SRN). Similarly, a decrease of T>
relaxation times lead to lower signal intensity and thus to a higher SRN.%8 T, relaxation
times play an important role in determining the resolution achievable with MRI to
visualize porous media. Indeed, as described in section 2.3.4, the reduced mobility of
water within pores,'® and the difference in magnetic susceptibility between the pore
matrix and the water,%* causes an enhancement of the T2 relaxation process, which
limits the resolution achievable.

Despite the lower resolution compared to other techniques, MRI enabled to study of
different processes occurring within porous media that would have been impossible to
study with uCT, SEM, or CLSM. For instance, the phase transition from solid to liquid,
and its impact on pore size distribution has been observed through T> - contrast images
in porous media containing water/tetrahydrofuran (THF) solution.®® Indeed, solid THF
hydrates possess a lower signal intensity compared to water/THF solution, which
generates a proper contrast between the hydrates and the solution and it allows the
visualization of solid hydrates formation over time. T2 relaxation time and its

dependence on paramagnetic species (described in section 2.1.2), such as Cu?*, or
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Mn?* can also be used to map the spatial distribution of these species. Moreover, using
the RARE sequence, it also possible to evaluate the concentration of the paramagnetic
species in porous media.?° Indeed, in the RARE sequence, a relation exists between
the T2 and the signal intensity. If the relaxivity of the species under investigation is
known, its concentration can be evaluated from signal intensity.6' When relaxation
methods are not able to differentiate different chemicals, CHESS or chemical shift
imaging (CSI) can be used as an alternative to generating contrast. These image
sequences have been employed for the spatial visualization of oil and water in porous
media such as sandstones,®? limestones, 62 or mimic porous media composed of glass
beads.®® For instance, the effect of water and oil saturation on water displacement
within carbonated rock media has been observed using CHESS imaging,%? which is
important for petroleum extraction processes. Moreover, CHESS imaging also enabled
to resolve oil and water coexisting in a Bentheim sandstone as mixed immiscible
phases.®? The possibility to spatially separate two different fluids or substances within
a porous media can potentially be used to study how food and liquid are trapped within
a PU open-cell foam, how this affects the formation of biofilms within it, and how

detergents penetrate within porous media and remove both food residues and biofilms.

2.4.4 Micro-CT for porous media characterization

X-ray micro-computed tomography is probably the best technique to investigate the
three-dimensional internal structure of a porous media, such as open-cell foam, in a
non-destructive way. From 3D images produced by uCT measurements, global, and
local structural features can be extracted.’*®> Global structural features include

porosity, cell density, and length and thickness of pore struts.®4%5 Local structural
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features instead refer to pores position, orientation, shape, sphericity, maximum
opening, equivalent diameter, and surface area.®4%% To evaluate all these features,
different processing steps needs to be performed. At first, grey-scale images need to
be generated from PCT reconstructed images, which are then denoised by the
applications of filters.® At this point, the images are segmented by thresholding and
labelling, where in the thresholding step each voxel is defined as polymer matrix or
void, while in the labelling step the cell's borders are reconstructed and a label number
is assigned for each cell.’*85 Moreover, cells in contact with the borders of the image
are generally removed.®® The images produced after these steps are then analysed to
extract all the local and global structure features of the porous medium, such as
maximum opening and surface relaxation.®> Of particular interest, for the studies
performed in this thesis, is the maximum opening, which defines the diameter of the

biggest sphere that can be fitted within a pore ( figure 2.11).

Maximum
opening

Figure 2.11 Schematic diagram showing two different pores and the spheres (dark

grey) used to evaluate the maximum opening (blue arrow).

Micro-CT has been successfully used to characterize both metallic and polymeric
open-cell foam. However, while, for metallic foams the high X-ray absorption of the

metals lead to high contrast between the pore matrix and air, in polymeric foam, the
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weak X-ray absorption of polymers causes low contrast, which can affect the

reconstruction of the pores features.®®

2.5 Flexible polyurethane foams

Flexible polyurethane foams (FPU) are one of the most used polymeric foam in the
world and are used in various applications, from filtration to insulation, packaging, and
house utensils.?57° This wide use is related to their great deformation recovery and
elastic properties, and to the possibility of producing them with different structures and
densities.”""2 In particular, polyurethane foams can be defined as open-cell foams or
closed-cell foams (Figure 2.12). The formers are characterized by interconnected
pores and are mostly used for cushioning, sponges, and sound insulation.”>"% The
latter are instead composed of isolated voids and are more suitable for automotive
materials and thermal insulation.”®’” Polyurethane open-cell foam are characterized
by a high porosity (>90%), and large surface area. The range of pore sizes instead,
can largely change depending on the application the foam is going to be used for.”®
However, independently of the size, pores are characterized by an irregular polyhedral
shape with a number of faces that can vary from 9 to 17.7° All these factors can
influence PU open-cell foam properties, like their flexibility or their ability to retain

liquids.
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b)

B,

s

Figure 2.12. A schematic representation of a) a closed-cell foam, and b) an open-cell

foam

Porosity, pore size, and pore cell are controlled by the way the foam is produced. The
basic ingredients for the formation of FPU are isocyanate, chemicals containing OH
groups, such as a polyol, and water.88" These three ingredients react in a two-step
reaction called respectively “gel” (Fig. 2.13) and “blow” (Fig 2.14) reaction.8' During
the gel reaction, isocyanate reacts with the polyol OH groups to gel the polymer by
creating polyurethane linkage (Fig 2.13). On the second step, isocyanate reacts with
water to produce an intermediate product (Fig. 2.14a), carbamic acid, that quickly
decomposes forming an amine and releasing CO2 (Fig 2.14b). This CO2 then acts as
a blowing agent causing the expansion of the polymer melt. Moreover, the amine

further reacts with the isocyanate present in the mix, producing urea (Fig 2.14c).8%81

i
N=C=0 OH R C R
Ry” * Ry~ — = 1\'11/ o ¢
H
Isocyanate Polyol Urethane

Figure 2.13 Gel reaction
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Figure 2.14 Blow reaction: a) first stage; b) decomposition step; c) urea formation

The urea and urethane generated are responsible for the hard part of the foam, while
polyols are associated with the flexible segments. Thus, a higher concentration of
isocyanate leads to more stiff foams. In the same way, polyols with higher functionality
and/or lower molecular weight will generate more rigid foams. Vice versa, less

isocyanate and/or more water facilitate the formation of more flexible foams.8%-82

Isocyanate, polyol, and water are the main ingredients for the formation of FPU, but,
during the production, other materials are also generally used to control or improve the
mechanical or physical properties of the foam. Among these, we find colorants,
catalysts, antioxidants, light stabilizers, flame retardants, and surfactants.83-85

Colorants, light stabilizers, and antioxidants have primarily an aesthetic function. FPF
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are generally white. Moreover, they tend to yellowing with time. Colorants, introduced
as liquid or paste, give colour to the foam and help to cover the yellowing. In the same
way, light stabilizers protect the foam from light, reducing the yellowing effect over
time.®! Antioxidants, instead, protect the foam from the high temperatures of the
foaming process. Indeed, the reaction of water with isocyanate is exothermic. During
this reaction, temperatures can reach 170 °C causing discoloration. Antioxidants help

to prevent this from happening. 883

Surfactants are important in determining the final structure of the FPF. In the foaming
process, they have three main roles: (i) to decrease the surface tension in the starting
mix, which helps the bubbles to form at the low energies available within the system,
(ii) to help the emulsification of the different components in the liquid, which is important

to have a good homogeneity within the final foam, (iii) to stabilize the cell structure.8:85

Catalysts help in controlling and accelerating the foam rise. This is important because

long rise time can lead to the shrinking and collapse of the cell, which will then results

in a poor cell structure of the final foam.8184
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3 POLYURETHANE OPEN-CELL SPONGES
CHARACTERIZATION

3.1. Introduction

Open-cell foams are porous media, with high permeability and high surface-to-volume
ratios and are typically produced from a range of polymers, such as polyurethane,
polystyrene’ and polyethylene?. Polyurethane (PU) foams are widely used in cleaning?,
filtration* and thermal insulation®. More recently, polyurethane foams have found
applications in medical procedures, such as wound dressing®, where they have been
shown to reduce the risk of nosocomial infection and stimulate soft tissue regrowth’.
This broad range of applications relies on the properties of these foams, such as high
tensile strength?®, high liquid retention® and antimicrobial action'®. Another important
property of the PU foams is their compressibility, and their ability to recover from

compression, which is linked to their capacity to absorb fluids and energy"".

A limitation observed in applications of polyurethane foams is that they can exhibit
inconsistent behaviour, even between samples from the same production batch, which
is associated with variations in structural properties across the foam caused during the
production process. Open-cell flexible polyurethane foams are produced by mixing
polyol and diisocyanate'?. Water is added to the mixture to cause the expansion of the
foam by the formation of gaseous CO2, which results from a reaction between water
and isocyanate'?'3. Surfactants are often added to promote the nucleation of bubbles
and pore cell stabilization, which are essential for the control of pore size and

permeability within the foam'. During expansion, CO; gas distributes unevenly within
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the growing bubbles, causing anisotropic expansion of cells ', especially along the
axis of expansion. This exothermic reaction leads to variability in pore size, even
between sponges produced from the same batch, which results in inconsistent
behaviour in these types of foams. Thus, in order to test the performance of PU foams,
for a range of applications, it is important to be able to characterise their pore network

and relate this to their structure, behaviour and compressibility.

The structure and properties of porous media have been studied extensively using a
wide range of techniques, including mercury intrusion porosimetry (MIP)'6, scanning
electron microscopy (SEM)'’, X-ray micro computed tomography (uCT)'", nuclear
magnetic resonance and magnetic resonance imaging (MRI)'®. While MIP and SEM
are widely used for studying rocks and other solid scaffolds, they have drawbacks
when studying flexible or polymeric porous media, such as sponges. In the case of
MIP, which is based on the intrusion of mercury within the porous medium?°, it requires
the application of external pressures, up to 108 Pa. The application of such of high-
pressures can cause sample deformation and compression?!, which leads to
inaccuracies in measurements. As a result, MIP is not suitable for flexible foams with
porosities higher?® than 90%. In the case of SEM, it has excellent spatial resolution (50
x 107° — 100 x 10™° m)??, and has been widely used to analyse the morphological
properties of PU foams?3-25. However, samples of PU foams need to be sectioned,

which is invasive and can cause edge effects and errors in the measurements?°.

Magnetic resonance (MR) and X-ray uCT are both non-invasive techniques which offer

complementary information about the structure and properties of porous media. X-ray
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uCT is capable of visualizing internal structures within porous objects'®, resulting in 3D
images. Image contrast is based on differences in X-ray attenuation coefficient, which
depends on both the chemical composition and density of constituent materials. In
single-material objects, such as the foams investigated here, the 3D volume can be
considered as a distribution of localised density. Within certain boundaries, the spatial
resolution is largely limited by the discretization of the 3D volume, hence it is restricted
by the sample size. Selecting the appropriate resolution for imaging a porous object is
a compromise between the pore size and representative element volume for the
specific object of interest?®®. From 3D images, it is possible to extract quantitative
parameters including density, porosity and pore size?’-?°. Recent developments in X-
ray JCT have also allowed to evaluate flow processes in porous media filled with water
and oil**3'. One of the major challenges for studying flow processes in porous media
such as sponge consisting of polyurethane foam is related to the small difference in
contrast between fluids and the low-density porous substrates and, hence, there is a

need for contrast agents to be added to the fluid3".

MRI typically has lower spatial resolution than X-ray uCT, usually on the order of 10~°
— 1072 m, and probes the 3D structure of a porous medium indirectly, through detection
of the signal of fluid contained within3235. MRI is able to image the fluid within porous
media without the need for additional contrast agents®®. Moreover, the measurement
of NMR relaxation times and diffusion coefficients, for fluid within a porous medium,
has been employed to provide information on the structure of the pore network,
including pore size distribution and porosity and permeability®3-3. In particular, - NMR

relaxation times are influenced by surface relaxation, especially in the presence of
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paramagnetic ions on the surface of the pore matrix, reduced mobility, when molecules
temporarily adsorb on to the pore surface®, and internal magnetic field
inhomogeneities (B;) produced by magnetic susceptibility differences (Ay) between the
solid matrix and fluid®8. In each of these situations, the T> relaxation time of fluid within
a pore is reduced, compared to bulk fluid, and is sensitive to the size of the pore.
Hence, for a given porous medium, it is generally found that the smaller the pore, the
shorter the T2 relaxation time. Thus, by knowing the relationship between T> relaxation
time and pore size, it is possible to determine the distribution of pore sizes within a
porous medium®®. In the case of rocks, it is found that the presence of a variety of
paramagnetic ions, and the large difference in magnetic susceptibility between matrix
and fluids, leads to a strong correlation between pore size and T> relaxation time, which
has been extensively studied*’42, However, while flow MRI has been used to
characterise the pore structure of PU foams*3, no MRI studies using T2 relaxation times
have been undertaken to characterise polymeric porous systems. This is because, in
contrast to rocks, polymeric porous systems, such as polyurethane foam, do not
contain paramagnetic ions and the difference in magnetic susceptibility, between the

porous matrix and the fluid within, is low.

In this study, high-resolution X-ray uCT of dry foam samples and 'H T> NMR relaxation
time of water-filled foam samples, were acquired to characterize the structure of open-
cell polyurethane foams. These experiments were performed on both uncompressed
and 60% compressed samples. Pore size distributions were evaluated, for
uncompressed and compressed sponge samples, by X-ray yCT and compared with

T> NMR relaxation times of water in the same foam samples, acquired using both MR
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images and bulk measurements. The relationship between maximum opening, for
pores within each foam sample, with "H T> NMR relaxation times, for water within the

pores, was investigated.

3.2. Materials and Methods

3.2.1. Sample preparation

X-ray uCT and magnetic resonance experiments were conducted on plugs extracted
from polyurethane sponges (Spontex, Colombes, France, Batch n° = 7124813). The
cylindrical plugs, of diameter 15 mm and height 40 mm, were extracted from three
sponges using a 15 mm cork borer (Fisher scientific UK Ltd, Loughborough, UK). Each
plug was placed into a 10 ml Terumo® syringe (Terumo®, Binan, Philippines), to
position the sponges in the MRI and CT instruments, as well as control their
compression. A plastic disk of 15 mm was also placed in the syringe, at the top of the
sponge, as visible on figure 1, to enable homogeneous compression. Each plug was
reproducibly compressed by adjusting the plunger, in the syringe, to a fixed position,
resulting in 60 % compression. Care was taken to ensure no tilting of the plastic disk
during compression, leading to non-uniform compression across the plug. For the
magnetic resonance measurements, plugs were saturated with 7° dH water, which has
been prepared by dissolving in 1 L of deionized water 0.099 g of CaCl., 0.033 g of
MgCl2, and 0.095 g of NaHCOs. Air bubbles were removed by submerging the plugs
under water and placing them under vacuum for one hour. Only data from the PU form
(blue part of the sponge) were considered and the scourer pad (white part of the

sponge) was not considered.
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P Plunger

— sponge

C ]« Scourer pad
l p

Figure 3.1 a) Photograph of polyurethane sponge. b) Schematic diagram for the set-

up used to hold and compress sponge plugs.

3.2.2. X-ray micro-computed tomography

Data were acquired on the High-Energy CT System Optimized for Research
(HECTOR)** at the Centre for X-ray Tomography (UGCT) at Ghent University,
Belgium. This system consists of an XWT240 X-ray tube (X-ray WorkX, Garbsen,
Germany) and a PerkinElmer flat-panel detector. For each scan, 2401 projections, of
1 s exposure time per projection, were acquired over the full 360° rotation. The tube
was set at a voltage of 70 kV and a target power of 20 W, with 0.5 mm Al filter on the
X-ray source to reduce beam hardening effects. Reconstruction of radiographs was
conducted using Octopus reconstruction*®. The reconstructed data has a voxel size of

40 x 40 x 40 ym3. Octopus Analysis?® was used to evaluate the morphology of each
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plug. The volume of the sponge plug was segmented by grey-value thresholding to
obtain quantitative information. Maximum opening was used as an indirect measure of
the size pores. The distributions were normalized for the number of pores in each plug.
The 3D rendering of the plugs was made using VGStudio MAX 3.2 (Volume Graphics

GmbH, Heidelberg, Germany).

3.2.3. Magnetic resonance

Magnetic resonance data were collected on a Bruker Avance Ill HD spectrometer,
equipped with a 7 T vertical wide-bore superconducting magnet, operating at a proton
resonance frequency of 300.13 MHz. All experiments were recorded using a micro2.5
imaging probe at 293 + 0.3 K, which was maintained by the temperature of water-
cooled gradient coils. "H MR images were collected using a 25 mm quadrature 'H radio
frequency (RF) WB40 birdcage coil. Bulk T2 MR relaxation measurements were
collected using a 25 mm "H/'°F radio frequency (RF) WB40 birdcage coil. Sagittal
(vertical) two-dimensional (2D) T2 MR relaxation images of water within the plugs were
acquired using the spin echo imaging sequence RARE (Rapid Acquisition with
Relaxation Enhancement)*6. Images were recorded using 1 mm slice thickness and a
64 x 128 pixel matrix, with a field of view of 25 x 50 mm. T> MR relaxation maps were
produced from eight echo images, with a RARE factor of 128, echo time of 8 ms and
repetition time of 15 s. A Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence was
employed for bulk T2 measurements, collecting 64 spectra, varying the number of
echoes from 0 to 2048, logarithmically spaced, with an echo time of 2 ms and repetition

time of 15 s and a spectral width of 100,000 Hz.
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All MR data were analysed using the software package Prospa*’. A correction was
required for the MR T» relaxation maps, to compensate for the effects of diffusion,
which were found to be sensitive to both the RARE factor and T2 relaxation time of the
liquid.*® Details of the calibration used can be found in section 2.4. Averaged T
relaxation times were determined from bulk CPMG data by fitting to a single
exponential, or where a single exponential would not fit the data, a double exponential.
The data were fitted to a minimum number of T, time constants. T relaxation time
distributions (G(T2) vs log(T2)) were determined from the CPMG data using a 1D non-
negative least square algorithm (NNLS 1D) #°, where G(Tz) is the distribution function
with respect to T2- A regulation parameter, «, was used to assess the smoothness of
G(T2)*. The ideal value of o was estimated by calculating »?, with o fit error as a
function of «. The lowest value of > was chosen before a rapid increase of »?, which
resulted in the narrowest distributions, without introducing spurious peaks from fitting

to the noise®°.

3.2.4. MR T2 relaxation time maps correction

T2 relaxation times for a sample, recorded using RARE imaging sequence, are
generally affected by signal attenuation arising from the self-diffusion of water, duration
the application of the read gradient (gr). Thus, the observed T2 relaxation time contains
a diffusion weighted component, which needs to be corrected. In order to evaluate the
correction factor for each sample, four CuSOs4 solutions (0 M, 1 M, 2 M, 5 M) were
prepared in 7° dH water. Each solution was transferred in to a 5 mm NMR tube. The
parameters used for NMR relaxation time measurements and magnetic resonance

imaging acquisition are the same as the ones used for the study of water in sponge,
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and can be found in section 2.3. For each sample, the ratio (R) between the CPMG T>
relaxation time and T2 maps was evaluated and plotted against the CPMG T relaxation
time. This plot is shown in figure 3.2, which highlights that the ratio is not constant but

has a linear dependence with T» relaxation time.

35
3.0
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2.0
xc
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0.5

0.0
0.0 0.5 1.0 1.5 2.0
T,/s

Figure 3.2 Plot of the ratio between the CPMG T: relaxation time and T> evaluated
from T> maps R vs T2 obtained from RARE sequence. The black line represents a
linear fit of the data. CPMG data were recorded collecting 64 spectra, varying the
number of echoes from 0 to 2048, logarithmically spaced, with an echo time of 2
ms and repetition time of 15 s and a spectral width of 100,000 Hz. T» relaxation
time maps were acquired with a RARE factor of 128, echo time of 8 ms and

repetition time of 15 s. a 64 x 128-pixels matrix, with a field of view of 25 x 50 mm.

3.2.5. Statistical analysis
Scatter plots of X-ray yCT maximum opening versus bulk T> relaxation time or MRI T>
relaxation time, were created. Linear regression analysis was performed on both sets

of data to evaluate the correlation between MR T, relaxation times and maximum
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opening. SPSS version 25 was used for statistical analysis®!, and the statistical

significance was set as p < 0.05.

3.3. Results

Figure 3.3 shows 3D rendered X-ray uCT images for a single uncompressed and
compressed sponge plug. In the X-ray uCT images (figure 3.3a, b), the typical open-
cell structure is visible, composed of polymeric struts (blue) and void (black). Figure
3.3b also shows that the compression of the sponge causes some pores to collapse,
while others elongate. The change in pore dimensions can be more easily observed in
figures 3.3c and d, which show sections of maximum opening for the compressed and
uncompressed plug, for a plane through the centre of the sponge. From analysis of the
data in figures 3.3b and d, it was observed that when evaluating the maximum opening
for compressed plugs, smaller pores are aggregated to generate a single maximum
opening value. This is supported by the data shown in Table 3.1, which reports the
number of pores for all the uncompressed and compressed plugs studied. Here, the
number of pores was found to be lower for compressed plugs. This can be explained
by the collapse of smaller pores and their subsequent amalgamation by the software,

which considers them to be a single pore rather than a number of smaller pores.
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b

Figure 3.3 3D uCT renderings of an a) uncompressed and b) 60 % compressed plug.
3D renderings of a vertical clipping plane, with the maximum opening distribution for
c) uncompressed and d) 60 % compressed plug. All images are for the same plug

(plug B2).
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Plug Uncompressed 60 %
compressed

A1 7882 2560

A2 8475 3575

° A3 8396 3921
[¢}]

o B1 9919 3497
o

o B2 9135 3051
3

= B3 8851 2837
=]

= C1 8400 2885

C2 7662 3018

C3 6405 3007

Table 3.1: Total number of pores for uncompressed and compressed plugs from X-
ray uCT.

Figure 3.4a shows T> relaxation maps for water in the same plug as figure 3.3. These

images show a decrease in T2 relaxation time when the sponge is compressed (figure

3.4a) compared to the uncompressed sponge (figure 3.4b).
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Figure 3.4 . Extracted sections from 2D "H MR T, relaxation maps of 7° dH water
in an uncompressed (a) and 60% compressed (b) sponge plug. Both images are
for the same plug (plug B>).

Figure 3.5, 3.6, and 3.7 show the distributions of maximum opening (figure 3.5),
determined by X-ray yCT, and T2 relaxation times (Figure 3.6, and 3.7), determined
from MRI and bulk NMR measurements, respectively, for the same uncompressed and
60 % compressed plugs. All distributions, indicate an average smaller maximum
opening and shorter T, relaxation time for compressed sponge plugs compared to
uncompressed plugs. The average maximum opening and T> relaxation times, for

these distributions, are given in table 3.2.
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Figure 3.5 Plots of the distribution of maximum opening determined from uCT for
compressed (- -) and uncompressed( ) plugs extracted from sponge A (a-c),

sponge B (d-f), and sponge C (g-i).
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Figure 3.6 Plots of the distribution of T, relaxation time determined from T relaxation

MR maps for compressed (- -) and uncompressed (—) plugs extracted from sponge A

(a-c), sponge B (d-f), and sponge C (g-i).
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relaxation time measurements for compressed (- -) and uncompressed (—) plugs

extracted from sponge A (a-c), sponge B (d-f), and sponge C (g-i).
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Plug Average Average T Bulk T2/s
Max. Op. / pm from MRI /s
A1 633 + 98 1.61 £ 0.04 1.7
A2 422 + 79 1.47 £ 0.04 1.47
A3 517 + 86 1.57 £ 0.05 1.64
B1 375+ 59 1.54 £ 0.04 1.61
Uncompressed | B2 689 + 96 1.63 £ 0.04 1.71
B3 653 + 84 1.61 +£0.05 1.73
C1 716 £ 100 1.62 + 0.04 1.68
C2 521 + 87 1.59 + 0.04 1.72
C3 620 + 92 1.62 + 0.04 1.76
A1 351+ 32 1.44 + 0.05 1.470
A2 473 £ 92 1.38 £ 0.04 1.36
A3 421 + 81 1.44 + 0.05 1.47
B1 440 + 88 1.32 £ 0.04 1.26
Compressed B2 301 + 39 1.45+£0.04 1.46
B3 367 + 56 1.46 + 0.04 1.51
C1 365 + 69 1.48 £ 0.03 1.47
C2 365 + 61 1.45 + 0.04 1.46
C3 391 + 28 1.44 + 0.04 1.56

Table 3.2 Average maximum opening from uCT, average MR T» relaxation time from
T2 relaxation MR map and bulk T relaxation time determined from a mono- or bi--
exponential fit to the CPMG data. The variability in average maximum opening and
T> relaxation time from MR maps, comes from the standard deviation of values

across the sample.
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The relationship between average maximum opening with average T> relaxation time,
determined from MRI (Figure 3.8a) and bulk NMR measurements (Figure 3.8b), are

plotted in figure 3.8, for all uncompressed and compressed plugs.
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Figure 3.8 Plot of the average maximum opening vs bulk T> MR relaxation time (a)
and average T2 relaxation time determined from T2 relaxation MR maps (b) for 7°
dH water in uncompressed and compressed sponge plugs. The dotted lines are a
linear fit of the data. Two outlying samples are circled in each plot.

It can be seen that, for both plots in figure 3.8, there appears to be a linear relationship

between the maximum opening and the T» relaxation time, where T> relaxation time
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decreases with decreasing maximum opening. Statistical analysis of these data found
a p-value < 0.001 for both sets of data, which indicates a correlation between these
parameters. In both plots, two outlying points can be observed, which are circled.
These outlying plugs are from two compressed sponge plugs and are believed to be
related to a bending of the plug when compressed. This deformation can be observed
in figure 3.9. As a result of this non-uniform compression in these plugs, these values

were not included for the data fitting.

Figure 3.9 3D uCT reconstructed image of one of the two 60 % compressed plug
related to the outliers points in figure 7. An indentation, caused by a bending of the
plug when compressed, is highlighted by a white circle.

3.4. Discussion

Our results, across multiple sponges and compression, have revealed a correlation
between pore maximum opening and T relaxation time for fluid with pores. From a
close inspection of the X-ray yCT images in figure 3.3, it can be observed that, when
compressed, some pores collapse while others are elongated. This observation is
confirmed by the decrease in the average maximum opening. However, it appears that

the maximum opening tends to overestimate the actual real pore size of single pores
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in compressed plugs. Despite this, maximum opening can still be considered a reliable
measure for sponge compression, because it represents a local, rather than a single
pore, characteristic. We found that maximum opening correlates with the T2 relaxation
time for fluid within the pore network (figure 3.8) and correlates better than pore size
(equivalent diameter). This is possibly the case because MRI is not able to distinguish
single pores, because it has lower spatial resolution compared to X-ray yCT. Thus, T>
relaxation times also represent a local property rather than a single pore characteristic,
which is comparable with maximum opening. While the characterisation of the pores
is limited by the resolution, and image processing modalities (segmentation), the
resolution at which scans were acquired was sufficient to visualise the pores of the

sponge both at uncompressed and 60% compressed conditions.

Comparison of maximum opening values, between different foam plugs, has also
revealed a significant variability in pore dimensions between samples within the same
production batch, and even within the same sponge. In our experiments, plugs were
extracted from three different sponges within the same production batch. The variation
in average maximum opening, between uncompressed plugs, was observed to be 422
+ 79 ym to 633 + 97 pm (sponge A), 375 + 59 um to 688 £ 96 um (sponge B) and 520
+ 87 umto 716 £ 100 um (sponge C). This shows that there is variability in the average
maximum opening between sponges. This demonstrated the heterogeneity in pore

dimensions within the polyurethane block from which the sponges were cut.

Linear regression analysis, for the data in figure 3.8, demonstrates a positive linear

correlation between bulk and MRI T relaxation time (R? = 0.868, p<0.001 and R? =
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0.915, p<0.001 respectively), with the maximum opening of the pore. In particular,
figure 3.8 shows that as the pore decreases in size, there is a corresponding reduction
in T2 relaxation time. While this effect has been observed in rock samples, it has not
been previously observed in polymeric foams. Moreover, this relationship is found to
be much subtler in PU foams than in rocks, which is to be expected given the lack of
paramagnetic species and small difference in magnetic susceptibility. Yet, these
results demonstrate a valuable technique by which these materials can be
characterised, supporting studies investigating the application of foams in a variety of

environments.

3.5. Conclusion

In this chapter, we have shown that despite the similar magnetic susceptibilities
between water and polyurethane, 'H magnetic resonance T relaxation times are
sensitive to pore sizes within PU open-cell foams. Plots of maximum opening,
determined by X-ray uCT, vs T2 MR relaxation time are found to have a linear
correlation. We have observed, using both X-ray yCT and MR relaxation times, that
when a sponge is compressed, there is a decrease in pore dimensions. These X-ray
MCT and MR measurements have also demonstrated that it is possible to characterise
the pore dimensions across different sponges, showing the variability resulting from
the manufacturing process. We believe such measurements will be of benefit to those
studying the performance and behaviour of polyurethane open-cell foams in a variety
of applications, where there is a link between pore size distribution and performance
of the sponge or products within the sponge. In particular, if combined with MRI

measurements on food residues within sponges (explored in chapter 4), and MRI direct
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visualization of biofilm in sponges (explored in chapter 5), these results offer the
opportunity for a real time visualization of biofilm growth in relation to sponge

characteristics and food viability to a new way to study.
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4 VISUALIZATION OF BIOFILMS AND BIOFILM
NUTRIENTS IN POLYURETHANE SPONGES

41 Introduction

Sponges are extensively used to clean surfaces inside houses and other human
environments, such as hospitals or industries. Synthetic sponges were first introduced
in the 1940s and since then they have become established as the market leader,
thanks to their low cost and ease of production.! Sponges are most commonly used to
remove soil from surfaces, especially kitchen surfaces. However, due to their porous
structure, soil can get trapped within sponges. The ease of soil removal can be
dependent on the part of the sponge it is trapped in. For instance, solid food residues,
like food particles or solid fat, are generally deposited on the external part of the sponge
and are easy to remove. Alternatively, liquid soils, such as vegetable oils, starch, or
dissolved proteins, can be trapped inside the porous structure, through processes such
as capillary force.?3 In these cases, removal of these soils is much harder. The food
and the water trapped within the sponge constitute a perfect environment for bacteria
and biofilm growth. Indeed, studies have found that kitchen sponges are the second-
highest source of bacteria within the house,*® where bacteria populations can reach
densities of up to 103 CFU per gram.® Bacteria and biofilms can cause malodour of the
sponge and can cross-contaminate surfaces and humans, causing bacterial infections.
Understanding how biofilm develops within sponges and how this is related to the soil
distributed within the porous structure, could help to understand biofilm formation and
its prevention. To achieve this, biofilm and soil visualization within sponges is

necessary.
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Imaging biofilms within a porous medium is challenging, because porous systems are
usually opaque and irregular. For instance, optical techniques are strongly affected by
the irregularity and opacity of the porous media because the former causes image
blurriness and background signal, while the latter limits the depth of field of
observation.”. Different techniques have been used to overcome this issue, like X-ray
micro-CT (uCT), scanning electron microscopy (SEM), Transmission electron
microscopy (TEM), and confocal laser scanning microscopy (CLSM). CLSM can
visualise biofilms in their native hydrated state, making it possible to understand the
biofilm structure in sponges.® However, CLSM requires the use of dyes to stain the
bacteria® which can be problematic when the porous media tends to retain liquids, due
to the stain of the sponge itself. One of the advantages of CLSM, is the ability to use
dyes which can selectively stain either the bacteria or extra polysaccharides (EPS)
matrix. For studies on porous media, both types of dyes have been used. For instance,
syto9, which stains nucleic acids within bacteria, has been used to investigate the
clogging of porous media caused by biofilm growth.® Similar studies have been also
conducted using fluorescent labelled lectins, which specifically stain the EPS of
biofilm.'® Yet, while this works well for non-absorbing porous media, problems can
arise for porous systems like flexible open-cell polyurethane sponges (FPU), because

of their ability to retain liquids used to dye biofilms.

The visualization of biofilms is not enough in itself to understand the development of

biofilms within FPU. For greater understanding of biofilm growth and in FPU, a

correlation between the growth behaviour and food availability within the sponge is
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necessary. To achieve this, techniques need to be used that are able to generates
contrast between food and biofilms within open-cell polyurethane, and that are able to
visualize biofilm growth in a non-invasive way. yCT has been successfully used to
visualize the displacement and relocation of olive oil inside an open-cell foam in a
multiphase fluid environment and to assess the level of soil removal.® However, pre-
treatments were necessary to add a contrast agent to the oil to be able to distinguish
the oil from the pore matrix.3 The use of contrast agents is also required when using
MCT to image biofilm in porous media, because of the similar X-ray attenuation
coefficient between biofilms and water.'” The use of contrast agents, such as barium
sulphate or silver microparticles can both produce artefacts in the image or have
negative effects on bacteria growth.'? The needs of pre-treatments and use of contrast
agents limits the use of uCT for in-situ visualization on biofilm development via uCT.
The requirement of using a contrast agent to visualize oil, within a polyurethane
sponge, and separate it from other substances can be overcome by using magnetic
resonance imaging (MRI). Using MRI, contrast can be generated between the porous
media matrix and the fluid within it by using relaxation times, molecular motion and
chemical shift.’® For instance, liquids have longer T relaxation times compared to
solids, which enable contrast between the former and the latter. MR Chemical Shift
Selective Saturation (CHESS) sequence is able to selectively observe difference
components in multicomponent systems by using the difference in chemical shift
between protons within the different species. This enables the generation of separate
images, for each chemical species containing NMR active species, in the system. For
instance, CHESS has been successfully used to selectively image oil and water in

systems where these were mixed, by selectively exciting water and oil protons.’ In
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this regard, CHESS has been successfully used to improve the understanding of
mixing in oil-water flow in within the petrochemical industry.'* However, CHESS
imaging porous media can be challenging because of the line broadening for peaks in
spectra caused by the porous media itself.’® Indeed, a reduction of the MR T
relaxation time of liquids in porous media is observed, which generates the broadening
of the peaks. This broadening can prevent the discrimination of peaks in the NMR
spectra related to water protons and peaks related to protons within the oil, making

difficult or even impossible the application of CHESS imaging.'®

In this chapter, CLSM, for biofilm visualization, and chemical shift selective MRI, to
visualize biofilm nutrients within open-cell polyurethane sponges have been tested.
For biofilm visualization using CLSM, two different dyes have been used: acridine
orange, which stains bacteria, and calcofluor white, which stains the EPS of the biofilm.
For soil visualization, MR CHESS sequence have been tested to selectively visualise

water and oil in sponges containing the two liquids

4.2 Materials and methods

4.2.1 Biofilm growth in sponge

4.2.1.1 Sample preparation

Sponge cubes, of 1 cm?® in volume, were produced using scissor from polyurethane
sponges (Spontex, Colombes, France, Batch n® = 7124813). They were washed with
distilled water to remove any residual particles from manufacturing trapped within the
porous matrix. After washing, the cubes were left to dry for a few hours. Once dry, the

cubes were autoclaved in a glass jar for 30 minutes at 121°C.
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4.2.1.2 Bacteria and Biofilm growth

For growth of bacteria, a colony of Pseudomonas fluorescens was transferred from an
old agar plate to a new one. The plate was incubated at 25°C for 24 h. After 24 h, a
bacteria colony was transferred from the agar plate into a 250 ml flask containing 50
ml of Trypticase soy broth (TSB) (30g/L). This was then incubated at 25°C for 16 h to
a final bacteria concentration of 2 x 10° CFU/ml."® After 16 h, 40 pl of the solution was
transferred in each well of a 6 well plate, each containing 10 ml of fresh TSB. A single
sponge cube previously prepared was then inserted in each well (figure 4.1). The plate
was sealed and inserted in a water bath at 25°C for 72 h. All solutions and glassware

were autoclaved for 30 minutes at 121° C before use.

a) 1 cm?3 sponge cube Liquid

b)

Liquid |
iqui evel\ /Well

sponge cube —

Figure 4.1 Schematic diagram of a) a six well-plate, observed from the top, showing
the growth liquid (yellow) and the sponge cube (blue) within each well and b) a side
view of a single well.

108



4. VISUALIZATION OF BIOFILMS AND BIOFILM NUTRIENTS IN POLYURETHANE SPONGES

4.2.1.3 Biofilm staining and confocal microscopy

After 72 h, the sponge cubes were removed from the 6-well plate and washed three
times with phosphate buffered saline (PBS) to remove non-adhered cells. For the
staining of the biofilm within the sponge, two different dyes were used: acridine orange
(Thermo-Fisher) and calcofluor white m2r (Sigma-Aldrich). Both acridine orange and
calcofluor white m2r were prepared at three different concentrations, by dilution with
PBS. The three dye concentrations were 0.002 % w/v, 0.001 % w/v, and 0.0005 % w/v
for acridine orange and 0.1 % w/v, 0.05 % w/v and 0.025 w/v for calcofluor white m2r.
For the staining, two different procedures were followed: (i) sponge cubes were
immersed in the dye solution and left to stain in the dark for 20 minutes; (ii) 1 ml of dye
was injected in sponge cubes using a syringe, and left 20 minutes in the dark. After 20
minutes, the cubes were washed three times with PBS, to remove excess dye.
Confocal microscopy images were acquired using a Confocal Leica TCS SPE
microscope with a 40x magnification oil lens. Acridine orange was excited by a 405 nm
laser and emission was detected in the range of 488 - 550 nm. Calcofluor white M2R
was instead excited by a 405 nm laser and emission was detected in the range 430 —
550 nm. Confocal microscopy was also performed on pure sponge cubes to test the
auto-fluorescence of the sponge matrix. For the image acquisition, a Confocal Leica
TCP SPE microscope with a 40x magnification oil lens was used. The excitation and

emission wavelength ranges used for the experiment are visible in table 4.1
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Excitation wavelength Emission wavelengths
/ nm range / nm
- 470-530
405 - 560 -630
- 670-730
- 490 - 550
4
88 - 550-610
532 - 550-610
635 - 670-730

Table 4.1 List of the excitation and emission wavelengths used for the CLSM image
acquisition of pure polyurethane sponge cubes without biofilm.

4.2.2 Chemical shift selective imaging

4.2.2.1 Sample preparation

For the optimization of CHESS imaging, phantom samples were prepares using three
NMR 5 mm tubes filled with sunflower oil, water, and a 50 - 50 mixture of sunflower oil
and water respectively. The three tubes were inserted in an appropriate sample holder
(visible in figure 4.2). For CHESS imaging of water and oil in sponges, three cylindrical
plugs, of diameter 5 mm and height 1 cm, were extracted from polyurethane sponges
(Spontex, Colombes, France, Batch n° = 7124813). Phantom samples of oil and water
in sponge were prepared soaking the three sponge plugs in water, sunflower oil, and
a 1% v/v of oil in water mixture respectively. For the NMR spectroscopy measurement,
each sponge plug was inserted in a 10 mm NMR tube, while for CHESS experiments,

the three sponges were inserted togheter in a 20 mm diameter vials.
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153

Figure 4.2 Schematic diagram of the sample holder and the positioning of the NMR
tubes for the CHESS experiments on water (light blue) and sunflower oil (yellow).

4.2.2.2 NMR spectroscopy and CHESS experiments

NMR spectroscopy and CHESS images were collected on a Bruker DMX 300
spectrometer, equipped with a 7 T vertical wide-bore superconducting magnet,
operating at a proton resonance frequency of 300.13 MHz. All experiments were
recorded using a micro2.5 imaging probe at 293 + 0.3 °K, which was maintained by
the temperature of water-cooled gradient coils. Samples were inserted in a 'H 25 mm
quadrature radiofrequency birdcage coil (WB40). For spectroscopy measurments on
water within the 5 mm NMR tubes, water + oil within the 5 mm NMR tubes, water within
sponge plugs and water+oil within sponge plugs, '"H NMR spectra were recorded using
the following parameters: number of points 16384, spectral width 10000 Hz, repetition
time of 1 s and 2 averages. Axial (horizontal) T> relaxation time weighted images of a
phantom, composed of 5 mm NMR tubes containing oil, water, and water + oil, and a
phantom containing three soaked sponge plugs, were acquired using the spin-echo
sequence imaging RARE (Rapid Acquisition with Relaxation Enhancement). Images

were recorded using a 1 mm slice thickness and a 128 x 128 pixel matrix, with a field
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of view of 30 mm x 30 mm. A RARE factor of 1, echo time of 3.16 ms and repetition
time of 15 s were used. Axial CHESS images were recorded using the m-chess
sequence from ParaVision software (version 5, Bruker Biospin, Ettlingen, Germany).
For the phantom containing the three 5 mm NMR tubes, the images were recorded
using 1 mm slice thickness and a 64 x 64 pixel matrix, with a field of view of 30 mm
x 30 mm. The minimum echo time was used , with a 15 s repetition time. For the
phantom containing the sponge plugs soaked with water, oil, and oil + water, four 2D

axial slices of 1mm slice thickness were acquired (figure 4.3).

Figure 4.3 Diagram representing a sponge plug used for CHESS images of oil and
water in sponge, with the position of the four 1 mm 2D axial slices (red rectangles)
recorded.

Images were recorded using 1 mm slice thickness and a 64 x 64 pixel matrix, with a
field of view of 16 mm x 16 mm. A minimum echo time mode and a 15 s repetition time
were used. For selective exctitation of oil and water peaks, a gaussian RF pulse with
spectral width of 500 Hz. Images of water within sponge plugs were produced using
an offset of 200 Hz to selective excite water protons, while images of oil where
produced usign an offsett of —1200 Hz to selective excit oil aliphatic protons. The 2D
axial images produce by selectivly exciting the aliphaitc protons of the oil and the water

protons, were subsequentially merged using Matlab, to generate a distribution map of
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oil and water within the sponge. The blending was performed by thresholding the water

and oil CHESS images, and then by overlapping them.

4.3 Results

4.3.1 Confocal microscopy of biofilm in sponge

Figure 4.4 displays the CLSM images of cubic sponges after 3 days of biofilm growth,
dyed with the bath method (figure 4.4a, 4.4b, and 4.4c) and the syringe method (figure

4.4d, and 4.4e) and different concentrations of acridine orange.

Acridine orange concentration

0.002 % 0.001 % 0.0005 %
a b) c
e
©
0
[%2]
©
o
=
2 e)
()
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A

Syringe

Figure 4.4 CLSM images of sponges after 72h of bacteria growth stained with acridine
orange using a bath staining method with different dye concentration a) 0.002 % w/v,
b)0.001 % w/v, c) 0.0005 % w/v, and using a syringe staining method with two different
dye concentrations d) 0.002 % w/v, and e) 0.001 % w/v. Acridine orange was excited
by a 405 nm laser and emission was detected in the range of 488 - 550 nm. Calcofluor
white was excited by a 405 nm laser and emission was detected in the range 430 —
550 nm.
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For samples dyed with the bath method and showed in figure 4.4a, 4.4b, and 4.4c, the
structure of the polyurethane sponge is clearly visible. Images also show halos around
the sponge struts, which could be caused by the staining of biofiims. However, this
hypothesis cannot be confirmed due to the lack of contrast between the sponge
structure and the halo surrounding it. Similar features were observed for samples dyed
using a syringe and displayed in figure 4.4d and 4.4e. Indeed, also in these two images,
the structure of the sponge is clearly observable with halos surrounding it. However,
once again, no biofilm can be detected due to the lack of contrast between the biofilm

itself and the sponge structure.
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Calcofluor white concentration

0.1% 0.05 % 0.025 %
b)

Bath

Dyeing methods

Syringe

Figure 4.5 CLSM images of sponges after 72h of bacteria growth stained with
Calcofluor white using a bath staining method with different dye concentration a) 0.1
% w/v, b)0.05 % w/v, c) 0.025 % w/v, and using a syringe staining method with three
different dye concentrations d) 0.1 % w/v, and e) 0.05 % w/v and 0.025 %w/v.
Calcofluor white was excited by a 405 nm laser and emission was detected in the
range 430 — 550 nm.

CLSM images of samples stained with different concentrations of calcofluor are shown
in figure 4.5. As for sponges stained with acridine orange, also in this case the
polyurethane sponge struts are clearly visible, surrounded by halos possibly caused
by the presence of biofiims. This was the case for all concentrations of dye used,

independently for the dying procedure utilized.

4.3.2 Confocal microscopy on sponge
CLSM images acquired for clean sponge plug in absence of biofiims are shown in
figure 4.6. Sponge autofluorescence was detected in the range 470 -630 nm (figure

4.6a and 4.6b) when excited with a 405 nm laser. When excited with a laser at 488 nm
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instead, the sponge showed a maximum fluorescence intensity between 490 nm and
550 nm (figure 4.6d), while almost no light was detected for wavelengths longer than
550 nm (figure 4.6e). No fluorescence was observed when using an excitation light at
532 nm (figure 4.6f) and 635 nm (figure 4.6g). These results show that even in absence
of external dyes, the sponge emits fluorescence light when excited at particular

wavelength. This emission can be caused by the dye use to colour the sponge.
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Emission wavelengths range

a) 470 - 530 nm b 560 - 630 nm c 670 - 730 nm

Excitation wavelength :
405 nm

d 490 - 550 nm e 550 - 610 nm

Excitation wavelength :
488 nm

f 550 - 610 nm

Excitation wavelength :
532 nm

550-610 nm

Excitation wavelength :
635 nm

Figure 4.6 CLSM images of a clean sponge in absence of biofilms. The sponge was
excited with four different wavelengths using four different lasers. For image
acquisition, fluorescence emissions were acquired at various wavelength ranges.
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4.3.3 NMR spectroscopy and MR CHESS imaging on water and oil
Figure 4.7 shows the NMR spectrum of sunflower oil and a 50 -50 mixture of water and

sunflower oil in 5 mm NMR tubes.

8 6 4 2 0
Chemical shift / ppm

Figure 4.7 NMR spectra of sunflower oil (red) and of a mixture of water and sunflower
oil (blue)in five mm NMR tubes.

For the oil, a range of peaks are observed between 1 to 3.5 ppm associated with
aliphatic protons. For the oil, a small peak was also detected at 5.8 ppm. For the water
and oil mixture, an additional peak is visible at 5.3 which is related to water. The
presence of distinct proton resonances, for both water and oil, enables selective
excitation enabling the acquisition of CHESS images. For CHESS images, a phantom

composed of three tubes as in figure 4.2 was used.

A 2D axial MR T2 weighted image of the phantom composed of the three 5 mm NMR

tubes containing water, oil, and mixture of water and oil respectively is visible in figure
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4.8. In the image, the three tubes are visible. CHESS images are shown in figure 4.8b
and 4.8c for oil and water, respectively. As expected, for CHESS image of oil in figure
4.8b, only the tube containing oil was visible. The CHESS image of water recorded
instead, two tubes were visible. The one containing only water, and the one containing
water and oil. The presence of the latter is related to a phase separation between the

oil and water within the tube, which causes to have no oil in the field of view imaged.

b c S.l./a.u.

35

0]] 30

. 25

20

_ 15

G ' 10
Water + Oil 5
0

Figure 4.8 a) 2D axial T> weighted image of the phantom containing three 56 mm NRM
tubes filled with water, oil, and a mixture of water-oil, and CHESS images acquired by
selectively exciting b) the aliphatic protons of oil, and c) water protons.

4.3.4 NMR spectroscopy and MR CHESS imaging on sponge plugs filled with

water and oil.
Figure 4.9 shows NMR spectra of water and a mixture of water and oil within sponge
plugs. "H NMR spectrum of water in red, shows a broad peak (FWHM 2 ppm) cantered
at 5.3 ppm. ' H NMR spectra for the water and oil mixture in sponge, in blue, shows
two peaks arising from water protons at 5.3 ppm, and from oil, which goes from 0 to
4.6 ppm, related to the aliphatic part of the oil. It is also important to highlight that the

peak at 5.8 ppm observed for the oil in an NMR tube at 5.8 ppm, is not visible when oil
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and water are mixed in a sponge because it is covered by the broadening of the water

peak.

Chemical shift / ppm

Figure 4.9 "H NMR spectra of water (red) and of a mixture of water and sunflower oil
(blue) within sponge plugs.

A 2D axial T>-weighted MR image, of the phantom composed of three sponge plugs

filled with water, oil, and a mixture of water and oil can be seen in figure 4.10. In the

image, all three sponges are visible.
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Water and oil

Figure 4.10 T, weighted image of the phantom containing three different sponge
specimens soaked with water, oil, and a mixture of water and oil.

Figure 4.11 MR oil CHESS images (a-d), MR water CHESS images (e-h), and
distribution maps of oil and water (i-n) within four slices of the phantom containing
three different sponge specimens soaked with water, oil, and a mixture of water and
oil. For the distribution map, the oil domains are represented in blue, the water domains
in green, and the domains where both substances are present are represented in red.

121



4. VISUALIZATION OF BIOFILMS AND BIOFILM NUTRIENTS IN POLYURETHANE SPONGES

In figure 4.10 a, b, ¢ and d showing CHESS images produced by exciting the oil
aliphatic protons, the oil distribution within four different slices of sponge plugs is
visible. From the images, the oil distribution within the two plugs containing oil and a
mixture of water and oil was visible, while no signal was detected for the sponge plug
filled with water. Moreover, for the sponge plug filled only with oil, a decrease of signal
intensity is noticeable comparing slice 1 to slice 4. This was related to the presence of
an air bubble within the plug. CHESS images produced by exciting water protons show
the water distribution within the two plugs filled with water and water and oil for the
same slices. However, for all four slices, a weak signal coming from the plug filled with
oil was also detected, making the plug containing only oil visible. This is probably due
to the fact that upon exciting the water, the oil peak at 5.8 ppm beneath the water one
was excited as well, giving rise to the weak oil signal. The oil and water CHESS images
were merged together to generate distributions maps of oil and water within sponge
plugs. The distributions maps for the four slices are visible in figure 4.10 i, |, m, and n.
In these images, water and oil domains are visible, as well as regions where both
substances are present. In figure 4.10 m and n, black regions are visible in both plugs

containing water and oil, which are related to the presence of air bubbles.

44 Discussion

4.4.1 CLSM on sponge and biofilm in sponge

In this work, two different dyes have been used to try to visualize biofilms within
sponges. Clean sponges have also been studied with CLSM without using contrast
agents. Acridine orange is a fluorochrome that binds the nucleic acid of the bacteria

and other cells within the biofilm. Calcofluor white instead, is a polysaccharide binding
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dye, thus it stains the biofilm EPS. After the biofilm growth process, biofilm was clearly
visible by eye within the sponge. However, despite the different binding nature of the
two dyes, from a close inspection of the CLSM images in figure 4.2 a-e and 4.3 a-f,
biofilms where not distinguishable from the sponge. From the images, it appears that
both dyes are absorbed by the polymeric matrix of the sponge, making difficult to
distinguish between the sponge structure and biofilms. From CLSM images in section
4.3.1 it can also be seen that clean sponges themselves give rise to fluorescence when
excited with light at 405 nm and 488 nm. Both the autofluorescence of clean sponges
and the difficulty to differentiate between the sponge structure and biofilms when the
latter are present within the former, highlight the difficulty of using CLSM for biofilm

visualization in sponge.

4.4.2 CHESS imaging of biofilm nutrients.

NMR spectroscopy on oil and water in 5 mm NMR tube has highlighted the presence
of distinct proton resonances for oil and water that could be used to selectively excite
the two substances. Chemically selective MR images of the phantom comprising three
tubes, containing water, oil and a 50-50 mixture of oil and water, confirm it is possible
to selectively image each fluid. For oil and water within the sponge, separate imaging
of the two substances results a little more challenging, because of the broadening of
the peaks corresponding to water protons and aliphatic protons of the oil. The
broadening of both the water and oil peaks and the consequent loss of the fine
structure is due to the presence of the sponge, which causes a reduction of the NMR
relaxation times and therefore a loss of resolution. The widening of the water peak,

caused the little peak at 5.8 correlated to oil, to be cover. This caused a weak oil signal
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to be present when also for CHESS images of water acquired with an RF pulse centred

on water resonance.

Differently to what happens in NMR tubes, where there is phase separation over time
between water and oil, in sponge, the distribution maps generated for water and oil
highlighted the presence of zones where the two substances are mixed. This is
expected to happen within sponges because of surface properties of polyurethane and
to the porous structure of the sponge. Polyurethane is a sticky hydrophobic material
that causes the attachment of water molecules to its surface when in contact.’” Qil
instead interacts with the foam mainly by two mechanisms: capillary force with smaller
pore, and void filling with larger pore.'” The presence of large pores also allowed the
water to be stored.'” Thus, within a sponge soaked with oil and water it is expected to
have areas where both liquids are present, which is confirmed by the CHESS merged

images.

4.5 Conclusion

Understanding how biofilms growth within sponges is related with the food source
viability is important to develop methodologies that can prevent biofilm from growing in
these environments. The visualization of both biofilm and nutrients within sponges is
thus fundamental to improve our understanding of the relationship between the two. In
this chapter, we have tested confocal laser scanning microscopy and magnetic
resonance imaging to visualize biofilm and food sources within a polyurethane sponge.
Despite being one of the most used technique for biofilm visualization on surfaces,

CLSM has proven to be challenging for biofilm visualization in polyurethane open-cell
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foams. Irrespective of the characteristics of the dye used to stain biofilms, and the way
it is applied, staining of the sponge structure also occurs. This makes it impossible to
differentiate the biofilm from the sponge itself. Moreover, even in the absence of
fluorescent dye, the sponge has shown autofluorescence, caused by the dye used to
colour the sponge. Because of this, dyes with an excitation wavelength different from
the sponge colorant excitation wavelength need to be selected, which reduces the
quantity of dyes available for the analysis. Thus, alternative visualisation techniques
are required to image biofilms in polyurethane open-cell foams, which is explored in

chapter 5.

In this chapter, we have also investigated the use of chemically selective MRI to
visualize food sources for bacteria, within polyurethane open-cell foams. The results
confirmed the possibility to use MRI to selectively visualize in oil and water within
porous media, and to understand how these are distributed in relation to the each
other. This was possible even if the presence of the sponge causes a broadening of
the NMR peak related to water and oil protons. This result open to the possibility to
use MRI to directly visualize a correlation between food viability and biofilm
development in porous media. Indeed, if associated with an MRI sequence that can
turn on and off the contrast within biofilm (explored in chapter 5), MRI can give the
possibility to separately visualize food and biofilm within the same sponge, without the
necessity of using contrast agents or the requirements of pre-treatments like in SEM

and TEM., and thus understand how food affect biofilm growth.
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5 BIOFILM MIMIC MATERIAL

5.1 Introduction

Biofilm visualization is extremely important for the understanding of biofilm properties.
Different techniques have been developed to directly visualize biofilms formation and
its exopolysaccharide (EPS) matrix.”* Among these, the most used are electron
microscopy,? confocal laser scanning microscopy (CLSM) and magnetic resonance
imaging (MRI).% All of these techniques have their advantages and disadvantages in
studying biofilm, as described in section 1.2.5. Scanning electron microscopy (SEM)
and transmission electron microscopy (TEM) have the advantage of providing near-
nanometer resolution, allowing the visualization of features which are impossible to
image with other techniques.® However, pre-treatments are required for both of these
techniques, such as fixation, drying and coating with conductive materials, which can
cause the alteration of the biofilm structure.®® Alternatives techniques can be used to
reduce pre-treatments such as environmental SEM (ESEM), which allows the
preservation of the matrix but requires the presence of metals ions within the biofilm to
obtain contrast.® However, the non-homogeneous distribution of metal ions within
biofilms can cause great variation in image intensity across the sample. Moreover,

ESEM is limited to the visualization of biofilm growing in the presence of metals.®

CLSM has the advantage of imaging biofilm under fully hydrated conditions and the
possibility of studying the physical and chemical relationship which exists between
different biofilm components, such as bacteria and EPS,.3 However, in order to perform

CLSM on biofilms, fluorescents dyes need to be used, which can have a negative
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impact on cellular metabolism.'® Moreover, as demonstrated in chapter 4, the
presence of absorbing porous materials, such as polyurethane sponges, dyes can also
stain the porous matrix, making it difficult to distinguish between the matrix itself and

the biofilm.

Unlike these other techniques, MRI offers the possibility to image biofilms, without the
need for contrast agents, by observing changes in the NMR signal for water within.*
MRI relaxation time and diffusion images have been used to visualize biofilms,'12
thanks to the confinement of liquids in biofilm. This reduces the mobility of liquids which
causes the reduction of both 77 and T2 relaxation times, and diffusion. This reduction
in relaxation time or self-diffusion co-efficient can be used to generate contrast
between biofilms and their external environment, allowing their visualization.'34
However, the MR relaxation times of water can also change as a result of the porous
media matrix itself and its pore size. As a consequence, when biofilms are present
within a foam, it becomes difficult to associate a variation in T2 relaxation time to the
presence of the biofilm or the presence and characteristics of the foam matrix. This
makes biofilm visualization challenging, in these media, through T relaxation
contrast."” To bypass this problem, MRI contrast agents, such as Cu?* and La%*, can
be flushed through the system in order to stain the biofilm and induce an increased T2
relaxation time reduction, which enhances the contrast between biofilm and matrix.'®
However, contrast agents flushed through the foam, are trapped within the matrix of
the foam, causing stain of the latter. To remove the metal ions trapped within the foam,
further flushes of the system with deionized water need to be flushed within the system.

To ensure that metals are removed from the foam, multiple imaging acquisition are
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necessary after every flush of the system with deionised water, which causes long
experimental times. Moreover, as described in section 1.3.2, metals can be toxic to

bacteria and thus can cause variation in biofilm formation and structure.'®

In this chapter, chemical exchange saturation transfer (CEST) MRI is tested on a
biofilm mimic material. CEST enables the visualization of the location of target
molecules with exchangeable protons.'”:'® This is achieved by the exchange of protons
between the target molecule and bulk water protons, whose spins population has been
saturated. This causes a reduction of signal intensity in that region, which can be used
as contrast., enabling the localization of this molecules of interests'® Thus, images can
be obtained without the need for an additional contrast agent. Moreover, CEST offers
the possibility to turn the contrast on and off in a controllable fashion, making it easier
to observes than T> contrast, with is always present. It allows you then to be more
discerning on the origins of signal variation. To test the possibility of using CEST MRI
to image biofilms, sodium alginate was selected as a material to mimic the biofilm EPS.
Alginate was chosen because it is found in the EPS for a range of different biofilms,
such as P. aeruginosa and P. fluorescens.” Alginates are naturally-occurring
polysaccharides composed of a linear block copolymer containing (1-4) linked b-D-
mannuronic and a-L-guluronic acid, and possess different exchangeable protons,

which are required to perform CEST.
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5.2 Materials and methods
5.2.1 Sample preparation

5.2.1.1 Solutions preparation

Sodium alginate solutions were prepared using Protonal 20/40 sodium alginate (FMC
biopolymer), which comprises > 60% guluronic acid. Sodium alginate was dissolved
under stirring, for five minutes, in de-ionised water at 60°C, at a concentration of 2%
w/w. Once all the sodium alginate was dissolved, the solutions were transferred into 5
mm NMR tubes. A solution of CaCl> 0.2 M was also prepared by dissolving CaCl

(SLS) in distilled water.

5.2.1.2 Sodium alginate beads

Alginate beads were prepared from Protonal 20/40 sodium alginate (FMC biopolymer).
2% wiw Protonal 20/40 alginate solution was prepared as described in section 5.2.1.1.
Once prepared, the alginate solution was dropped into CaCl, (SLS) 0.2 M solution
using a Pasteur pipette to form the beads. The beads were left to rest for 48 h in order
to stabilize the system. For MRl measurements, sodium alginate beads with CaCl2

solution were transferred in a 5 mm NMR tube.

5.2.1.3 CaCl, and Sodium alginate gel in sponge

Cylindrical plugs, of diameter 4 mm and height 40 mm, were extracted from a single
polyurethane sponge (Spontex, Colombes, France, batch n°=7124813) usinga 4 mm
corkborer (Fisher scientific UK Ltd,). Plugs were saturated with CaCl. solution. Air
bubbles were removed by submerging plugs under the CaCl, solution and placing it

under vacuum for 1h. For alginate gel formation within plugs containing CaClz, 2 %
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w/w sodium alginate solution was injected using a syringe with needle, after air bubble
removal, within some sponge plugs. Both sponge plugs containing CaClz solution, and
CaClz solution plus alginate gel, were inserted in two separated 5 mm NMR tube. To
avoid air bubbles entering the sponge during its insertion within the NMR tube, the

insertion was performed while keeping the plugs and the tubes within CaCl. solution.

5.2.2 MRI CEST and T2 map experiments

Magnetic resonance imaging data were collected on a Bruker Avance Ill HD
spectrometer, equipped with a 7 T vertical wide-bore superconducting magnet,
operating at a proton resonance frequency of 300.13 MHz. All experiments were
recorded using a micro2.5 imaging probe at 293 £ 0.3°K. which was maintained by the
temperature of water-cooled gradient coils (WB40)."H MR images were collected using
a quadrature "H 25 mm radio frequency (RF) birdcage coil. T> relaxation time maps, of
alginate gel, alginate beads and sponge plug containing alginate gel, were acquired
using the spin echo imaging sequence RARE (Rapid Acquisition with Relaxation
Enhancement). Images were recorded using a 1 mm slice thickness and a 64 x 64
pixel matrix, with a field of view of 10 x 10 mm. T2 MR relaxation maps were produced
from 8 echo images, with a RARE factor of 8, echo time of 4 ms and repetition time of

5s.

CEST was performed on sodium by acquiring axial (horizontal) two-dimensional
images using a RARECEST sequence. For the alginate solution in a 5 mm NMR tube,

CEST images were recorded using a 1 mm slice thickness and a 64 x 64-pixel matrix,

with a field of view of 10 x 10 mm. A RARE factor of 8 was used, with an echo time of

131



5. BIOFILM MIMIC MATERIAL

2.5 ms and a repetition time of 1 s. For the alginate bead CEST images, a rare factor
of 1 and repetition time of 5 s was used. CEST images of alginate gel in sponge were
recorded using the same parameters used for alginate beads. For all the CEST
experiments, a single Gaussian pulse was used for pre-saturation irradiation. The
pulse had a duration of 27.4 ms, with a bandwidth of 100 Hz. A flip angle of 1201) was
used. For the alginate solution and the alginate bead, the frequency offsets for the pre-
saturation irradiation were varied from 6 to 4 ppm (1800 Hz — 1200 Hz), with a step
size of 0.050 ppm, resulting in 41 images for each experiment. For the alginate gel in
sponge, the frequency offsets for the pre-saturation irradiation were varied from 7 to 3
ppm (2100 Hz — 900 Hz), with a step size of 0.050 ppm, resulting in 81 images

recorder.

5.2.3 CEST Data analysis

CEST data was imported in MATLAB as a 3D ascii matrix. MATLAB was used to
correct the Bo inhomogeneity within the images and to correct the intrinsic frequency
shift of the RARECEST sequence. The MATLAB code used can be found in the
supplementary information. The correction process is outlined in figure 5.2. MTRasym

plot was produced using equation 2.9.
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Figure 5.1 Flow chart showing the steps performed to correct the By
inhomogeneities within CEST images and to evaluate the Z-spectrum and
MTRasym.
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5.3 Results

5.3.1 Alginate solution
Figure 5.2 shows the MR T2 relaxation time map for 2 % w/w sodium alginate solution
in a 5 mm NMR tube. The T> relaxation map shows the solution is homogeneous,

with an average T2 =127 ms £ 14 ms .

0.20
0.25
0.20

0.15

0.10

0.05

0

Figure 5.2 2D axial "H MR T relaxation map of water for 2 % w/w sodium alginate

solution in a 5 mm NMR tube.

A section of the CEST MRI are displayed in figure 5.3. A uniform signal intensity is
visible for images acquired between 1680 Hz and 1500 Hz (figure 5.3 a-m). At 1485
Hz (figure 5.3 n), the signal intensity of the solution starts to decrease, reaching its
minimum at 1440 Hz (figure 5.3s). A slight increase in intensity is visible at 1425 Hz
(figure 5.3r), followed by a further decrease in intensity (figure 5.3s, 5.3t) and
subsequent increase from 1380 Hz (figure 5.3u), to reach values of intensity similar to

the one in the first images (figure5.3 v-x).
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c) 1650 Hz

a) 1680 Hz b) 1665 Hz
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Figure 5.3 A selection of 2D axial MRI CEST images, displayed at an interval of 15
Hz, acquired for 2 % w/w sodium alginate solution in a 5 mm NMR tube. The
images displayed cover the range of frequency offset between 1680 Hz and 1335
Hz.
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Figure 5.4 a) Z-spectrum and b) corrected spline-fitted z-spectrum, evaluated from
each pixel of the 41 CEST images of the 2 % w/w alginate solution in a 5 mm NMR
tube.
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Z-spectra for each pixel of the sodium alginate solution, evaluated from the CEST
images, are visible in figure 5.4a. For each pixel, the presence of two peaks is visible,
one between 1440 Hz and 1455 Hz, corresponding to the signal intensity at the water
frequency resonance, and one between 1395 Hz and 1410 Hz, corresponding to the
signal intensity at the frequency resonance of exchangeable protons within sodium
alginate. Figure 5.4b displays the corrected spline-fitted z-spectra for each pixel, where
spectra have been shifted to have the water frequency resonance for each pixel at 0
Hz. From the data in figure 5.4b, the average z-spectrum has been evaluated, which

is shown in figure 5.5 along with the MTRasym.
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Figure 5.5 Plot of the Average z-spectrum and MTRasym for 2 % w/w sodium

alginate solution as a function of frequency offset.
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In Figure 5.5, the average z-spectrum shows a peak at — 44 Hz, which corresponds to
the CEST peak. The MTRasym, Which is used to quantify the CEST effect, shows a peak

at — 44 Hz with a maximum value of 0.75.

5.3.2 Alginate gel beads
The T> relaxation map evaluated for the alginate bead in 0.2 M CacCl. solution within a
5 mm NMR tube is visible in figure 5.6.

Tz/S

0.20
q

0.25

CaCl, solution

0.20

0.15

Alginate bead

Figure 5.6 2D axial "H MR T, relaxation map of 2 % w/w alginate gel beads in 0.2 M
CaCl> solution within a 5 mm NMR tube.

From Figure 5.6, the alginate gel bead is clearly distinguishable from the surrounding
CaCly solution, because of a different T relaxation time between the two. In particular,
an average T2 =90 ms £ 5.5 ms and T2 = 237 ms + 12 ms were measured for the

alginate gel bead and for the surrounding solution, respectively.

Average z-spectra for alginate gel bead and the surrounding solution evaluated from
CEST experiments, are visible in figure 5.7. In particular, figure 5.7a displays the z-
spectrum for the alginate gel bead, while figure 5.7b shows the z-spectrum for the

CaClz solution surrounding the bead. Both z-spectra show two peaks: one at 0 Hz,
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related to the suppression of water signal, and one at — 44 Hz, related to the CEST
effect. However, the z-spectrum for CaCl; solution surrounding the alginate beads
shows a deeper CEST peak compared to the one of the alginate gel bead. This
difference is reflected in the MTRasym, which displays a value of 0.82 and 0.61 for the
CaClz solution and the alginate gel bead, respectively. Considering CaCl, does not
have exchangeable protons, the presence of a CEST peak within the CaCl, solution

suggests the presence of alginate residues within it.
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Figure 5.7 Averaged z-spectrum for a) alginate gel bead, and b) 0.2 M CaCl; solution
surrounding the bead, within a 5 mm NMR tube.
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A spin-density image of the tube containing the alginate beads and the CaCl. solution
is shown in figure 5.8a. From the image 5.8a, no difference in intensity is visible
between the bead and the solution. Figure 5.8b displays the CEST map of the system
studied, where the percentage CEST effect for each pixel of the image is observable.
In the CEST map (figure 5.8b), the bead is now distinguishable, from the surrounding
CaClz solution, because of the lower value of MTRasym, for the bead compared to the

solution.

asym

b) MTR

Figure 5.8 a) Axial MR spin density image and b) CEST map of the alginate gel
bead in 0.2 M CaCl2 within a 5 mm NMR tube.
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5.3.2 CaClz solution in sponge

The average z-spectrum evaluated for 0.2 M CaClz solution, within a sponge plug, is
shown in figure 5.9. The z-spectrum shows only one peak at 0 Hz, related to water
signal suppression. No CEST effect is visible, which is confirmed by the absence of

any MTRasym peak.
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Figure 5.9 Averaged z-spectrum for water in a 0.2 M CaCl> solution within a sponge
plug.

5.3.3 Alginate Gel in sponge

Figure 5.10 shows a MR T2 relaxation time map of alginate in a sponge saturated with
CaCl; solution. On the left side of the image, two blue filaments are visible with an
average T2= 110 ms + 12 ms which were associated with alginate gel. For the CaCl:
solution within the sponge, which surrounds the two blue filaments, an average T> =

256 ms + 24 ms was measured.
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Figure 5.10 2D axial "H MR T- relaxation map of sponge filled with 0.2 M CaCl
solution, following injection of sodium alginate. Alginate gel is formed with a T> =
110 ms = 12 ms and appears blue. The surrounding liquid has a T> = 256 ms + 24
ms and appears green. This solution is predominately 0.2 M CaCl- but also
contains residual sodium alginate. The black pixels in the sponge are regions with

low signal intensity.

Z-spectra and MRTasym Were evaluated and are shown in figure 5.11. Once again, both
z-spectra for the alginate gel and the CaCl, within the sponge possess two peaks. For
both alginate gel and CaClz z-spectra, the peak at 0 Hz is associated with suppression
of the water signal. Instead, the peak at — 47 Hz present in the z-spectra of alginate
gel (figure 5.8a), and the peak — 50 Hz present in the z-spectrum of the CaCl>
surrounding the gel (figure 5.8b), are related to the CEST effect. For both the alginate
gel and CaCl: solution, the CEST effect is confirmed by the MTRasym analysis, which
shows for both alginate gel and CaCl: solution a peak at — 47 Hz and — 50 Hz,
respectively. However, MTRasym analysis results differ to those observed in a 5 mm
NMR tube, where the MTRasym values observed for the bead and the solution

surrounding were different. Indeed, for the alginate gel and CaCl2 solution within
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sponge show really similar maximum values (0.75 and 0.77 respectively). The
presence of CEST effect for the CaCl. solution within this sample CEST suggest the

presence of alginate residues within it

a) 1 1
0.9F {0.9
0.8+ {0.8
0.7 {0.7

§ 0.6 10.6 %
$ 05 105 @
s
W 0.4 10.4
0.3+ {0.3
0.2 {0.2
0.1 10.1
O 1 1 | 1 1 Il 0
-200 -150 -100 -50 0 50 100 150 200
Frequency offset/Hz
b) 1 T T T T T T T 1
0.9+ {0.9
0.8+ {0.8
0.7+ {0.7
g 0.6 10.6 3
-7 [)]
805 058
3 =
2 0.4 042
0.3+ 10.3
0.2 0.2
0.1 10.1
0 1 1 Il Il Il Il O
-200 -150 -100 -50 0 50 100 150 200

Frequency offsetb/Hz

Figure 5.11 Averaged z-spectrum evaluated from CEST images of alginate gel in a
sponge saturated with CaCl2 solution for a) alginate gel calculated from pixels
range [46:50,28:29], and b) 0.2 M CaClZ2 solution within a 4 mm diameter sponge
plug, calculated from pixels range [31:37,29:38].
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5.4 Discussion

Alginate gel beads were tested to better mimic the hydrogel-like structure of the EPS
of biofilms. The average z-spectrum and MTRasym value observed for sodium alginate
in CaClz solution, have highlighted the presence of a CEST effect at — 44 Hz, related
to exchanging protons between sodium alginate and water. The z-spectrum of CaCl2
solution in sponge (figure 5.9), does not show a CEST effect, which confirms that the
CEST effect observed for sodium alginate in CaClz solution sample is related to the

alginate.

As for sodium alginate, alginate gel bead has also shown a CEST peak at — 44 Hz.
However, the efficiency of the CEST effect, measured by MTRasym, resulted in a 14%
decrease for the alginate gel bead compared to the alginate solution. This reduction
could be related to a decrease in the number of exchangeable protons available within
alginate gel. Indeed, in the formation of the alginate gel, there is an exchange between
proton and calcium ions, generating a cross-link in adjacent G residues chains,?° and
reducing the number of exchangeable protons available. A CEST effect has also been
observed for the CaCl2 solution surrounding the bead. However, the z-spectrum of
pure CaClz solution in sponge does not show CEST peaks, as shown in figure 5.9.
Hence, the presence of a CEST peak for the CaCl, solution surrounding the bead
suggests the presence of sodium alginate within the solution. The presence of free
alginate, within the CaCl: solution, could be explained by leaching of alginate from the
gel to the CalC> solution, during gelation. Thus, it is possible that CaCl. solution

contains alginate residues that have not participated in the gelation process. This also
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explains the presence of a CEST peak for CaClz solution surrounding the alginate gel

in the sponge (figure 5.8b).

The presence of a CEST effect for the both alginate gel and the surrounding solution
could cause problem in the generation of a contrast between the two. Fortunately,
alginate gel bead and the solution surrounding it shows different MTRasym values
between them. This different in MTRasym can be used to generate a CEST contrast
between the two, as exploited by the CEST map in figure 5.8b. However, this was not
the case for alginate gel in sponge. Indeed, the alginate gel within the sponge showed
a MTRasym value (0.74) higher than the one observed for the alginate gel bead (0.61).
The MTRasym value of alginate in sponge was similar to the MTRasym of the solution
within the sponge (0.77), which did not allow the generation of a proper contrast
between the gel and the solution. The difference in MTRasym values observed in
alginate gel bead and alginate gel in sponge is related to the preparation process of
the alginate gels, which led to a variation in the composition of the gel. Indeed, alginate
gel beads have been left to mature in the 0.2 M CaClz solution for 48 h before CEST
experiments. For CEST experiments on alginate gel in sponges instead, images were
acquired within 1 h of the injection of sodium alginate within the sponge saturated with
CaClz. Considering that the degree of crosslinking between alginate and calcium
increases with time,?" the higher CEST efficiency for alginate gel in sponge can be
attributed to a lower degree of crosslinking, and thus to a higher number of
exchangeable protons if compared to alginate beads. The difference in the degree of
crosslinking between the two sample is confirmed by observing the T relaxation time

values for the samples studied. 2% w/w sodium alginate solution displayed a T> value

145



5. BIOFILM MIMIC MATERIAL

of 127 ms + 14 ms, while the alginate gel bead, after 48 h maturation, displayed a T>
value of 90 ms £ 5 ms. Alginate gel within the sponge instead showed a T> value of
110 ms + 112 ms, which is in between the results observed for the alginate solution
and the alginate gel bead. This suggests that the gelation process of the alginate gel
within the sponge was still ongoing when CEST measurements were performed. Thus,
a higher number of exchangeable protons were available for alginate gel within the
sponge compared to the alginate gel bead, which resulted in a higher CEST effect in

the former.

5.5 Conclusions

This chapter has demonstrated the viability of CEST for probing biofilms. A CEST
effect has been observed for a biofilm mimic material, sodium alginate, in different
environments (solution, gel beads, and gel within a sponge). The CEST observed for
alginate gel in sponge, confirms that CEST effect is insensible to the presence of the

sponge, and thus could be used for imaging biofilms within a sponge.

The possibility of using CEST to generate a proper contrast between alginate gels and
its surroundings has been demonstrated for alginate gel beads. This result confirms
the possibility of using CEST to produce images of alginate gel without any contrast
agents. Unfortunately, this cannot be confirmed for alginate gel in sponge. Indeed, a
non-complete gelification process of the Ca-alginate gel, and the presence of alginate
in CaCl: solution saturating the sponge, do not allow the generation of a proper CEST
contrast. However, the fact that a CEST effect can be detected for alginate within

sponge, and the results produced for alginate gel beads, suggest that, with the right
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sample preparation, a CEST contrast can also be produced for alginate gel within

sponges.

We believe that the results displayed in this chapter for a biofilm mimic material show
the potential of MRl CEST sequence to be applied for the visualization of real biofilms,
in different environments, without the application of contrast agents or the need of any
pre-treatments. It is important to notice that, while our results show that MRI CEST can
be used to visualize the presence of biofilm in porous media, this will hardly be able to
differentiates biofilm’s morphologies, e.g. patches or streamers. Indeed, as described
in paragraph 1.2.4, single patches and streamers have dimensions which are < 100
pum, thus lower than MRI resolution. To fully assess the potentiality of MRI CEST for
biofilm imaging, further studies need to be performed. CEST experiments need to be
performed on alginate gel in sponge with longer gel maturation time, to assure contrast
can be produced also in sponges. Moreover, CEST imaging need to be tested on real
biofilms in sponges, which requires the development of new procedures to grow biofilm

within a sponge.
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6 CONCLUSION AND FUTURE WORK

The scope of this project was to investigate and develop new non-invasive
methodologies to study and characterize porous media and biofilms, using magnetic
resonance imaging. in combination with other techniques. To achieve this, within this
project we focused on three main objectives: characterize polymeric open-cell porous
media parameters, when porous media are saturated with liquids; establish new non-
invasive ways to image food, and biofilms’ growth in porous media, which could enable
to monitoring biofilm development in-situ and in real-time; correlate how biofilms’
development can be affected by foam characteristics and food viability within it. The
study of biofilm growth in sponges in relation with sponge properties and food viability
is of particular interest for the fast-good moving consumer goods industry, where this
better understanding is fundamental to produce cleaning products that can eliminate
bacteria and biofilm more efficiently. Results from this study can also interest various
other industrial sectors where biofilm and porous media are used in conjunction, such
filtration or wastewater biodegradation, or sector where biofilms can pose serious risks,
such as human health and wound treatment. Previous studies have been performed
on biofilms in sponges, and their relationship with food residues within sponges.
However, the need to pre-treat samples,’? or use contrast agents, to distinguish
biofilms from the sponge or food residues,® have limited the ability to study this
relationship in-situ and in a non-invasive way. In this study, MRI has been investigated
as a method to non-invasively characterize polyurethane foams, visualize food
deposits inside foams and observe the growth of biofilms, without the need of

additional contrast agents.
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In chapter 3, polyurethane open-cell foam characterization has been reported on
compressed and uncompressed foam, to study the behaviour and structural changes
of the foam when compressed. Comparisons between T NMR relaxation times of
water within compressed and uncompressed sponge plugs with the maximum opening,
evaluated with uCT for the same samples, has highlighted the dependence of T2 on
the pore dimension of the sponge. While the dependence of T> on pore dimension has
already been investigated for rocks and has been used for evaluating rocks pore size
and porosity,*® no studies have been conducted on polymeric open-cell foams. In
polymeric porous systems there is a low difference in magnetic susceptibility between
the porous matrix and the fluid (usually water) within it. This small difference in
susceptibility it has been expected to be too low a difference to see a variation in T>
NMR relaxation time within porous media. However, our results have determined a
relationship between T2 relaxation time and maximum opening within a polyurethane
open-cell foam, which enables the characterization of the porous media via MRI. Such
application will be important for studying the behaviour and performances of
polyurethane open-cell foams in applications where there is a link between pore size
distribution and performance of the sponge or products within the sponge. These
results are of particular interest for FMCG companies producing cleaning detergents.
Indeed, the performances of cleaning detergents, and their capability to avoid biofilm
formation in foams, are strongly correlated to the detergent penetration in sponges,
which depends on the properties of the latter. If combined with MRI flow or diffusion
imaging of the detergent within sponges, the direct characterization of sponge pore

size via MRI offers a new way to understand how pore size and its variation upon
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compression are affecting the detergent penetration and behaviour, in situ, on the
same sample, with no needs of pre-treatments. Results from this chapter have been

published on Materials on the 24" of April 2021.7

Sponge characterization is not only important to understand how detergents penetrate
and perform within foams, but also to understand how sponge characteristic can affect
food residues to be trapped within them. Food residues that are necessary for bacteria
and biofilms, as they are used as energy sources. The direct visualization of food
residues within sponges can help to better understand the relationship between food
viability and biofilm growth, and to understand if a better removal of the former, can
prevent the formation of the latter. Moreover, it can also improve the understanding on
where and how food residues distribute with the media, how this is affected by the pore
properties, and how, eventual use of detergents, change this distribution. In chapter 4,
MRI has been showed to be successful in directly visualise food sources for bacteria
within polymeric open-cell foams, in situ, without the need of adding contrast agents.
For this purpose, MR chemical shift selective imaging (CHESS) methods have been
tested on sponges filled with water and oil. The results have confirmed that with
CHESS, oil and water within sponges can be selectively visualized. Thus, it has been
proven that MR CHESS is able to separate different chemicals within sponges without
using contrast agents. However, it is important to highlight that this selective separation
is possible only for chemicals that possess NMR active species, with different chemical
shifts compared to other chemicals within the sample. If direct food residues
visualization in sponge is combined with an MRI investigation of biofilm growth within

the same sponge, MRI could be used to directly visualize how food residues within
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sponges affect biofilm formation. Apart from food visualization, the possibility to use
CHESS to visualize various chemical substances in polymeric foams, can be
interesting for a series of other applications, such as spoiled oil separation.® Indeed,
being able to visualize in-situ, with no pre-treatment, what happens when a sponge is
used in oil/water separation, can improve the understanding of the adsorption and

separation processes.

To fully understand how pore structure and food viability affect biofilm growth, you need
to have the opportunity to visualise biofilm growth within the same environment, at the
same time. While biofilm observation in sponges can be performed with different
techniques, such as such as scanning electron microscopy, or X-ray micro-computer
tomography, the need for these techniques of pre — treatments does not allow the study
of biofilm growth in real time. Moreover, in chapter 4, we have demonstrated the
difficulty to visualize biofilms in polyurethane porous media when contrast agents are
present. In chapter 5, the use of MR chemical exchange saturation transfer (CEST)
method to visualize biofilms within sponges without using contrast agents, and the
need of pre-treat the sample, has been tested. CEST has been tested on a biofilm
mimic material (alginate). MRl CEST results on sodium alginate, alginate gel beads,
and alginate gel, have all shown the presence of a CEST peak related to proton
exchange between alginate and water, which confirms that CEST can generate a
contrast between these substances and the surroundings, without the need of contrast
agents. The ability of CEST to generate contrast between alginate gel and the
surrounding solution has been proven for alginate beads. This was possible even if

alginate residues were present in the solution surrounding the beads, which also gave
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rise to a CEST effect. Unfortunately, this was not the case for alginate in a sponge.
Indeed, for alginate gel in sponge, the MTRasym value of the gel was almost equal to
the MTRasym value of CEST effect caused by alginate residues within the CaCl2
saturating the sponge. Because of these close values, it was not possible to achieve
the desired contrast between alginate gel and the surrounding solution within a
sponge. However, it was believed that this small difference in CEST effect was a result
of how the sample had been prepared. To overcome this problem, MRI CEST
experiments of alginate in sponge need to be performed after at least 48h gel
maturation, to ensure a full hydrogel formation. The CEST results on biofilm mimic
materials confirms, for the first time, the ability of using CEST MRI to image biofilms.
The major advantage of CEST, compared to other MRI techniques for visualizing
biofilms, as relaxation time measurements, is the ability of CEST contrast to be turned
on and off at will. This gives the possibility to image porous media and food residues,
with and without the interference of biofilms, and thus have a better idea of the whole

system.

This thesis highlighted that MRI can be used to characterize polymeric porous media,
to visualize food residues within them without the need of contrast agents, and to
image biofilm in-situ and in a non-invasive way. Combined, all these results offer the
opportunity for a real-time visualization of biofilm growth in relation to sponge
characteristics and food viability. Moreover, real-time measurements on cleaning
methods and products can be performed on the same sample. The ability to perform
all these measurements on the same sample, gives the opportunity to observe a more

direct cause and effect. This gives MRl a huge advantage compared to other
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techniques, where measurements need to be performed multiple time on different
samples, and information are extracted through long winded statistics. However, it is
important to highlight that, while MRI have many advantaged as explained, it has a
lower resolution compared to other techniques, such as uCt and TEM. Thus, with MRI

it will be hardly possible to characterize biofilm morphologies within porous media.

The results showed on this thesis demonstrate the potential of using MRI for these
systems. However, to fully validate the possibility of using CEST on real biofilms,
further studies need to be performed. CEST has to be tested on real biofilm within PU
foams, to confirm the possibility to visualise biofilm using CEST imaging. Combined
CHESS and CEST studies, on the same sample, have to be performed to directly study
the impact of food residues within sponges on biofilm growth. Moreover, cleaning
agents can be added to the same sample to monitor in real-time its diffusion within the
foam (through diffusion and flow MRI®), and how food and biofiims are affected by
them. In this way, a better understanding on how cleaning agents work in removing
food, and disabling biofilm growth, can be developed.

Methodologies developed on this thesis work are can potentially be applied to a whole
range of different applications, where polymeric porous media are used, and where the
relationship between pore size and fluids are extremely important. Examples of this
applications can be filtration process, or wound dressing, where the diffusion of drugs
through the porous structure is fundamental for the success of wound recovery.
Indeed, the possibility to obtain information on pore size, fluid dynamic, and
differentiate chemicals without using contrast agents, live and with one single

technique, can bring a massive improvement on the understating of such processes.
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For this, a whole range of experiments need to be programmed and performed.
Moreover, this work further opens to in-situ studies on 3D porous media systems and
provide a valid tool to validate results on porous media obtained using simulation tools.
This potential has been proved by Markale et al study.,’® where MRI has been
successfully used to obtain, for the first time, 3D images of mixing interfaces between
two reacting fluids, and to understand how this interface is affected by pores sizes and
phase saturation. This study has also allowed, for the first time, to confirm simulation

results on these systems, obtained using continuum scale models.
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APPENDICES

Appendix 1: MATLAB code for MR CEST data analysis

%% section
N=41; %number of CEST images acquired
m = nan(64,64, N);
fori =1:N
indices=(1:64)+64*(i-1)
m(:,:,i) = a(indices,:);
end

%% create a mask

mslice=m(:,:,1);

mask=mslice<5000;

for i=1:N
m1=m(:,:,i);
m1(mask)=nan;
m(:,:,i)=m1;

end

%% create NxN 1-dimensional slices along the third dimension
fori=1:64
for j = 1:64 %the normal one is 64
eval(sprintf('v%d_%d=m(%d,%d,:);",i,j,i,}));
eval(sprintf('v%d_%d=v%d_%d(:);",i,j,i,j));
end
end

%% cubic-spline interpolation and minimum detection
x =1800:-15:1200; % insert range of frequencies used for CEST experiment
xx =1800:-1:1200;
figure;
M=nan(64,64);
N=nan(64,64);
fori=1:64
forj=1:64
tmp = eval(sprintf('v%d_%d',i,j));
if ~isnan (tmp(1));
yy=spline(x,tmp,xx);
subplot(1,2,1);
plot(x, tmp);
hold on;
subplot(1,2,2);
plot(xx,yy);
hold on
[a,b]=min(yy(xx>1200));
XXxX=xx(xx>1200);
if a>0
M(i.j)=xx(b);
N(i,j)=a;
else disp([i,j]);
end
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end
end
end
ylim([0,3.5e5]);
xlim([-200,200]);
hold off

%% to shift the interpolated data to x=0HZ
x =1800:-15:1200;
xx= 1800:-1:1200;
figure;
S=nan(64,64,length(xx));
minM=min(M(:),[],'omitnan’);
minN=min(N(:),[],'omitnan’);
fori=1.:64
forj=1:64
tmp = eval(sprintf('v%d_%d',i,j));
if ~isnan (tmp(1))
delta = M(i,j)-minM;
if ~isnan(delta)
YY = spline(x-delta,tmp,xx)
XX=xx-minM
plot(XX,YY)
S(i,j,.)=YY;
hold on;
end
end
end
end
ylim([0,3.5e4]);
xlim([-200,200]);
hold off

%% create averaged z-spectrum and MTRasym
S1=reshape(S,4096,length(XX));
T=mean(S1,1,'omitnan’);

tmax=max(T);

T=T/tmax;

minT=min(T); %find the min value of T
ind=find(minT==T); % find the location of minT
ind1=(ind)- 100;

ind2= (ind)+ 100;

h=plot(XX,T);

set(h,'Color’, [0 0 1],'LineWidth',2);
xlabel('Frequency offsetb/Hz','FontSize’,16);
yyaxis left

ylabel('z-spectrum’, 'FonztSize',16, 'Color',[0 0 1]);
set(gca, FontSize',16);

set(gca,'yColor',[ 0 0 1]);

ylim([0,1]);

xlim([-200,200]);

hold on

yyaxis right;

ylabel('MTRasym','Fontsize',16);

ylim([0,1]);

s1=T(:,ind1:ind);
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s=T(:,ind:ind2);

s=flip(s);

mt=s1-s;

x1=-100:1:0;

h1=plot(x1,mt);
set(h1,'Color','r'",'LineWidth',2);
set(gca,'yColor','r');

hold off

%% creat image at wanted frequency
xpos = 150; %inserted wanted frequency
ind=find(XX==xpos);

tmp=S(:,:,ind);

imagesc(tmp);

colorbar;

%set(gca,'CLIim',[0,3e4]);

%% create CEST map
p=(tmp-tmp2);
p1=p./tmp3

figure
%imagesc(xpos1);
imagesc(p1);

colorbar;
set(gca,'CLim’,[0, 0.4]);
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APPENDIX 2

Appendix 2: “Characterization of open-cell sponges via magnetic
resonance and X-ray tomography”.
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