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Abstract

Biofilms are heterogeneous structures made of microorganisms embedded in a self-secreted
extracellular matrix. Because they cause complications in various fields of human life, most research
has focused on the development of preventive anti-biofilm strategies. Recently, biofilms have been
studied as sustainable living materials with a focus on tuning their mechanical properties. While this
can be achieved by means of genetic engineering, regulations regarding genetically modified
organisms restrict possible applications outside the lab. Alternative ways of controlling their
materials properties are therefore desirable. Since biofilm formation is a defence mechanism against
unfavourable conditions, the environment can in turn be leveraged to influence biofilm properties.
In particular, their matrix is known to sequestrate metal ions to protect bacteria against toxicity. As a
side effect, biofilms stiffen in presence of some metal cations and soften in presence of others. The
specificity and the molecular determinants of cation-biofilm interactions vary between species.
While Escherichia coli is a widely studied model organism, little is known concerning the interaction
of E. coli biofilms with metal ions as well as possible consequences on biofilm properties. In this
work, my aim was to tune the mechanical properties, specifically the viscoelasticity, of E. coli
biofilms by acting on extrinsic and intrinsic factors.

To do so, | used E. coli strains that produce a matrix composed of curli amyloid and/or
phosphoethanolamine-cellulose (pEtN-cellulose) fibres. The viscoelastic behaviour of the resulting
biofilms was investigated with rheology. For each matrix composition, four metal salt solutions were
tested against ultrapure water: FeCls;, AlCl;, ZnCl, and CaCl,. Biofilms were grown on nutritive agar
substrates for one week, harvested and mixed and incubated with one of the solutions or ultrapure
water. Scraping the biofilms from the agar as well as mixing led to a partial destruction of the biofilm
matrix architecture. Shear strain amplitude showed that the strain producing both fibres stiffened by
a factor of two when exposed to the trivalent metal cations Al(lll) and Fe(lll) while no such response
was observed for the bivalent cations Zn(ll) and Ca(ll). Strains producing only one matrix component

did not show any stiffening in response to either cation, but even a small softening. Attempts to



reconstitute the matrix by co-culturing two strains, each producing one type of fibre, or by simply
mixing them after biofilm growth did not yield any stiffening response.

As mixing may destroy the macroscopic architecture of the biofilm matrix and, therefore, affect the
viscoelastic properties, rheology was compared to a non-destructive mechanical method to assess
biofilm properties. In order to investigate further the contribution of each matrix component, also
additional bacterial strains were introduced. These strains produce curli fibres in combination with
non-modified cellulose, non-modified cellulose only or neither component. For rheology, biofilms
were mixed but no solution was added. As a non-destructive method, microindentation was
performed for the same strains, using biofilms in their native state and on their agar substrate. This
allowed for a systematic comparison of the shear moduli obtained with rheology and the
compressive moduli obtained with microindentation. Microindentation showed that biofilm stiffness
is mainly determined by the presence of curli amyloid fibres. Such a clear distinction between
biofilm matrices with and without curli was not seen with rheology, i.e. after homogenization and
partial destruction of the matrix architecture. The comparison further suggests that curli fibres are
more brittle and are thus more affected by biofilm homogenization. In light of these results, the
magnitude of cation induced stiffening (or softening) may have to be reassessed, performing similar
experiments on native biofilms.

To examine the molecular interactions between biofilms and metal cations, attenuated total
reflectance - Fourier transform infrared spectroscopy (ATR-FTIR) was applied to the E.coli strains
producing a matrix composed of curli amyloid and/or pEtN-cellulose fibres. Biofilms were measured
in presence of each of the aforementioned metal cation solutions or ultrapure water. In the absence
of metal cations, the spectra of three strains cannot be distinguished, suggesting that the spectra
result from the bacteria rather than the matrices. In the presence of metal cations, a possible non-
specific effect of the cations on lipids, i.e. bacterial membranes, was observed for the strain that
does not produce pEtN-cellulose. Subsequently, ATR-FTIR experiments were performed on fibres

purified from the strains producing only one type of fibres. No significant spectral differences were



seen when curli amyloid fibres were mixed with metal cations. Also, no indications were found for a
possible effect of metal cations on the secondary structure of curli fibers. The spectra of the pEtN-
cellulose fibres revealed an interaction between metal cations and the phosphate of the pEtN-
modification. This negatively charged group on pEtN-cellulose is therefore a potential site for non-
specific metal adsorption in the biofilm matrix. Notably, a NaCl control solution did not show a
similar effect. The possible adsorption of metal cations on pEtN-cellulose may allow for counter-ion
condensation along those fibres. For both bivalent and trivalent cations, Manning's criterion is
verified while this is not the case for monovalent cations.

Further research is necessary to understand the role of curli amyloid fibres. Other amyloid structures
are known to bind metal cations and metal complexation could explain the valence specificity
observed at the rheology level. Rheology has also shown that stiffening requires both fibres to be
produced by the same bacterium. This suggests that both fibres simultaneously interact with the
same metal cation. More generally, this works underlines the possibility of tuning biofilm mechanics
without the need for genetic engineering. Moreover, it emphasises the specific contributions of
different matrix components, highlighting the importance of studying biofilms produced by different

strains and species.
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1. Introduction

Biofilms are heterogeneous structures made of microorganisms embedded in a self-secreted
extracellular matrix. While biofilms can be produced by eukaryotic cells such as fungi'?, they are
particularly predominant in prokaryotic organisms, where they are thought to represent the main
form of active life’. Biofilms cause complications in various fields of human life, e.g. in the medical
sector?, the food® and the 0il® industries . At first, most biofilm research focused on the development
of preventive anti-biofilm strategies. More recently, biofilms have emerged as a potential source of
sustainable materials. For example, biofilms were utilized for the formation of cement-like glue7,
aquaplastics® or 3D-printed living materials’. The composition of the biofilm matrix and the
interaction between matrix components critically determines its mechanical properties. The matrix
mainly consists of polysaccharides™, proteins* and nucleic acids’>. The type of protein and
polysaccharide as well as their proportion vary remarkably, both between genera and between
different species within the same genus®. Protein-based amyloid fibres are particularly widespread
in microbial biofilms and were, for example, observed in Pseudomonas sp., Bacillus sp. and in
Escherichia coli biofilms, where they are referred to as curli fibres'*. Curli fibres, encoded by the
csgBA operon, are composed of several CsgA units that polymerise onto the CsgB nucleator
proteinls. In E. coli biofilms, which will be at the core of this work, the second main component of
the matrix is phosphoethanolamine-modified cellulose (pEtN-cellulose)'®. The matrix of the biofilm-
forming E. coli K-12 strain AR3110 was estimated to contain 75% curli and 25% pEtN-cellulose®.

Since biofilms are more and more regarded as materials per se, tuning their mechanics has recently
become a field of interest. In addition to the matrix composition, environmental factors also
influence the mechanical properties of biofilms. For instance, substrate water content, temperature,
pH and nutrients may be utilized as possible control parameters for tuning E. coli biofilm properties
during their growth™®™. Another possible leverage is the addition of specific metal ions. Metal ions

frequently bind to protein or carbohydrate structures in biological materials®®, either forming

21-24 %26 Bacterial biofilms

mineralized composite materials or sacrificial and self-healing bonds
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frequently occur in metallic pipes or at the surface of heavy metal containing wastewaters,
suggesting a possible influence of metal ions on biofilm growth and properties. For Enterobacter
asburiae, Vitreoscilla sp. and Acinetobacter Iwoffii, metal ions promote biofilm formation”. In the
case of Staphylococcus epidermidis, Bacillus subtilis and Pseudomonas aeruginosa, biofilms stiffen in
the presence of metal cations®®. Specifically, B. subtilis biofilms stiffen and erode slower in presence
of Fe(lll) and Cu(11)*.

E. coli is one of the best studied model organisms. The composition and architecture of its matrix
have at least partially been determined. However, while the influence of metal ions has been
extensively studied in other species, very little is known for E. coli biofilms. The only documented
effect is the triggering of rugose biofilm formation, visually characterised by a more wrinkled
phenotype, in the presence of FeCl;*. With the aim of altering biofilm properties, there is a clear
lack of knowledge about how the addition of metal ions affects E. coli biofilms. This includes the
influence of metal ions on matrix mechanics and the molecular interactions involved. The aim of my
doctoral thesis is to fill this gap by studying the influence of metal cations on the viscoelastic
properties of E. coli biofilms. To fully understand the role of cation-matrix interactions, this work will
also investigate how the viscoelastic properties are influenced by matrix composition and biofilm
macroscopic architecture. Finally, | will attempt to explain the macroscopic effects of metal cations

on biofilm viscoelasticity at a molecular level.
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2. State of the art

2.1. Biofilms as living materials

A biofilm can be defined as a population of microorganisms embedded in a self-secreted
extracellular matrix. Biofilms represent the main form of active prokaryotic life’. Yet, reducing
biofilm forming organisms to the sole domain of bacteria would be erroneous. Biofilms are almost as
ancient and as varied as life itself. Stromatolites and other forms of microbialites are the oldest
fossils found on Earth, some of which being more than one billion years old*'. Nowadays, biofilm
forming organisms are found in the eukaryotic domain, e.g. algae® and fungi? in the archaeal
domain; and in the bacterial domain, as will be described further on.

The diversity in biofilm forming bacteria is high. The Biofilms Structural Database, a collection of data
relevant to the understanding of biofilm formation currently includes information from 42 bacterial
species>. Among bacteria negatively impacting human health, species such as Enterococcus faecalis,
Escherichia coli, Klebsiella pneumoniae, Proteus mirabilis, Pseudomonas aeruginosa, Staphylococcus
aureus, Staphylococcus epidermidis and Streptococcus viridans have been shown to form biofilms on
medical devices**. In addition, more than 60% of the microbial load on human skin is made of biofilm
forming bacteria®>. The proportion of biofilm producing bacteria appears to be high also in other
sectors of human activities: ten different bacterial species possessing genes associated with biofilms
could be isolated in a meat factory®. All things considered, 40 to 80% of prokaryotic cells on Earth
are estimated to reside in biofilms>.

This variety of biofilm-forming species results in a variety of matrix components. Polysaccharides are
one of the two main types of matrix fibres. They serve multiple roles, such as aggregating the
bacteria by acting as a glue, enhancing adhesion to the substrate, protecting the cells against
environmental stresses or providing structure to the biofilm. One commonly found polysaccharide is
alginate, present in Pseudomonas aeruginosa and Azotobacter vinelandii. Levan, another common
polysaccharide, is found in Pseudomonas syringae, Bacillus subtilis and Streptococcus mutans'.

Similarly, protein fibres often play a structural role but are also involved in adhesion or protection.
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They can be divided between amyloid forming and non-forming protein fibres. Amyloid fibres are
characterised by a cross-p structure and bind the dyes Congo red and thioflavin T. They include
amyloid-like curli fibres found in Enterobacteriaceae such as E. coli and Salmonella, Fap fibres found
in P. aeruginosa, putida and fluorescens as well as the phenol-soluble modulins from S. epidermis
and aureus. Non-amyloids include the pili of Mycobacterium tuberculosis*. In addition to fibres,
biofilm matrices also contain other proteins that do not form fibres as well as lipids and extracellular

DNA.

2.2.Model organisms
Within the great diversity of biofilm producing bacteria, a few species have been studied in depth
and are now considered as model organisms. In addition to E. coli, two will be introduced here since

the properties of their biofilms will later be compared to the E. coil biofilms investigated in this work.

2.2.1. Bacillus subtilis
Bacillus subtilis is a Gram-positive soil dwelling bacterium. Research conducted on B. subtilis was key

to understanding biofilm assembly®’. As will be exemplified in later sections, the mechanical
properties of B. subtilis biofilms were also thoroughly investigated. The polysaccharides composing
its matrix are levan, a polymer of fructose, as well as the products of the eps operon, whose
monosaccharidic composition is elusive*’. The main protein component is made of fibres formed by
TasA and TapA as a minor component. Their amyloid nature is still debated™. Another component of
the matrix is the hydrophobin BaslA. The aforementioned matrix composition corresponds to the
NCIB 3610 B. subtilis strain. Another strain, B-1, produces a matrix containing mainly gamma-

polyglutamate®.

2.2.2. Pseudomonas aeruginosa
Pseudomonas aeruginosa is a Gram-negative bacterium, known for forming biofilm infections in the

lung of cystic fibrosis patients®. The matrix of P. aeruginosa biofilms contains the amyloid-like
protein Fap as well as DNA. It also contains several polysaccharides: alginate, an acetylated polymer

containing L-guluronic and D-mannuronic acids®; Pel, composed of cationic amino sugars including
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N-acetylgalactosamine and N-acetylglucosamine®; and the pentasaccharide Psl, containing D-
mannose, D-glucose and L-rhamnose monomers. In cystic fibrosis patients, polysaccharide

production can vary, thereby influencing the mechanics of the biofilms®.

2.2.3. Escherichia coli
Escherichia coli is a commensal aero-anaerobic Gram-negative bacterium present in the vertebrate

gut*’. The non-pathogenic K-12 strain of E. coli was first isolated from the faeces of a diphtheria
patient in 1922 and has been studied in laboratories ever since®. This E. coli strain was among the
first prokaryotic genomes to be completely sequenced as early as 1997*. Two other common E. coli
laboratory strains, MG1655 and W3110, derive from K-12 but differ in having lost the fertility factor
F and the phage A (F-A-)*. W3110 is capable of forming biofilms and produces a matrix mainly
composed of curli amyloid fibres encoded by the csgBAC operon® (Figure 1A). W3110 has lost the
ability to produce cellulose, otherwise encoded in the yhjR-bcsQABZC operon (Figure 1B). This
function was restored when changing the codon 6 of bcsQ from TAG(stop) to TTG(leucine), thereby
yielding the strain AR3110%. It was later shown that the cellulose is modified into pEtN-cellulose by
the bcsEFG operon. Approximately half of the glucose residues are esterified on their carbon 6. The
W3110-based AR3110 strain thus produces both curli amyloid fibres and pEtN-cellulose. To obtain a
strain that produces only pEtN-cellulose, curli production was inactivated in the strain AP329
(AR3110AcsgBA)®. The strains W3110, AR3110 and AP329 will be at the core of this work. Other

sub-strains will be introduced when necessary.

17



B

ngAamyloid BesC oM

PG

DAG

TR Voo e pEtN BcsB
‘ ! SLUEIL PtdEtN) -

BcsF

"/
c-di-GMP n c-di-GMP

UDP-Glc UDP

Figure 1. Production of key matrix fibres in E. coli biofilms. A: Model of the curli secretion apparatus“. CsgA subunits form
amyloid fibres by polymerizing onto CsgB. CsgG forms a pore in the outer membrane. CsgE and CsgF interact directly with
CsgG. CsgE directs the soluble CsgA into the pore while CsgF is required for amyloid fibre assembly. (Reprinted from
Biochimica et Biophysica Acta (BBA) - Molecular Cell Research, 1843, Margery L. Evans, Matthew R. Chapman, Curli
biogenesis: Order out of disorder, 1551-1558, Copyright (2014), with permission from Elsevier). B: Model representing the
different Bcs proteins involved in cellulose synthesis, export and pEtN-modification. BcsA and BesB form the channel. BesG
is thought to be involved in the pEtN-modification. The cytoplasmic BcskE binds c-di-GMP and interacts with BcsG via BesF.
BcsC could release the cellulose polymer through the outer membrane following hydrolysis by Besz®. (Reprinted under
Creative Commons BY 4.0 licence).

The curli and cellulose operons are under the control of the transcriptional regulator CsgD®,
sometimes referred to as the master regulator of biofilm formation in E. coli*®. In turn, CsgD allows
for the integration of various environmental influences on biofilm formation. For instance, csgD
expression is modulated in response to osmolarity by the interplay between EnvZ/OmpR and Cpx
(high salt content medium) and by H-NS (high sucrose content). However, other environmental
factors act upstream (e.g. oxidative stress is integrated via the sSRNA ArcZ acting on rpoS coding for
05>°) or downstream (e.g. temperature is integrated by Crl, a low-temperature induced protein
promoting oS binding to the csgBA promoter™?).

Curli fibres are composed of the minor subunit CsgB that acts as the nucleator for the polymerization
of multiple CsgA major subunits. In absence of CsgB, CsgA are secreted but do not polymerize™. The

csgDEFG operon is involved in the regulation and secretion of curli fibres. CsgG forms a pore-like

structure while CsgE and CsgF play chaperone-like functions®’. CsgA and CsgB share 30% sequence
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identity®, similar dimensions and structure. A B-helix with five repeated strand-loop-strand motifs
forms the amyloid core and is preceded by a 22-residue unstructured tail at the N-terminus®% Curli
fibres bind the amyloid specific dye thioflavin T*’. They play a role in adhesion to eukaryotic cells and
more generally in pathogenesis'. They can therefore be referred to as functional amyloids.

BcsA and BcsB form a channel for the co-synthetic secretion of cellulose™®. The bcsEFG operon s
responsible for the pEtN-modification. bcsG is indispensable and BcsG is probably directly involved in
this natural modification of cellulose. BcsF shows strong interactions with BcsE and BesG. BcesE is
cytoplasmic and binds bis-(3'-5')-cyclic dimeric guanosine monophosphate (c-di-GMP), a signal

transduction and regulation second messenger in bacteria'®*

. A proposed pathway suggests that
BcsF serves as a transmembrane connector between c-di-GMP-controlled BcsE and BesG, which is
responsible for the pEtN-modification®.

Different matrix compositions, i.e. curli amyloid fibres (W3110), pEtN-cellulose (AP329) or both
(AR3110), result in different macroscopic biofilm architectures. The most elaborated architecture is
observed for the strain producing both fibres (AR3110). Between ridges (Figure 2A), the biofilm is
approximately 60 um thick and is divided vertically in two layers (Figure 2B). The fluorescence of
thioflavin S, which indicates the presence of cellulose and curli, is intense in the top layer (40-50 um)
but absent in the bottom layer (20 um). The top layer itself is divided vertically in three zones. A
surface zone where the bacteria are encased in a pEtN-cellulose-curli composite matrix, a middle
zone with vertical pillars of bacteria that are stabilised by pEtN-cellulose filaments forming a sheath
and a lower zone mostly composed of horizontal chains of bacteria. The bottom layer is mainly

16205354 Ridges are made of a double layer that buckled up in

composed of flagellated growing cells
the outer region of the biofilm. They are absent for colonies lacking pEtN-cellulose, curli or both. The
macroscopic biofilm phenotypes further differ among strains lacking one or both types of fibres. For
the strain producing pEtN-cellulose and no curli, small intertwined wrinkles are present in the centre

of the biofilm*®. On the other hand, when curli is produced in the absence of cellulose, the biofilm

exhibits concentric rings™. At the cellular scale, the organisation of the fibres differs even more
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between the two mutant strains. In the strain producing only cellulose, filaments of cellulose are
observed, parallel to each other and perpendicular to the wrinkle line®. When only curli are present,
the biofilm top layer is composed of small cells tightly surrounded in a "honeycomb-like network" of

curli fibres™.

A B

Bacteria encased in
pEtN-cellulose-curli
composite matrix

Vertical pillars of
bacteria in a pEtN-
cellulose sheath

Horizontal chains -
of bacteria
1 €in

Flagella

Figure 2. Phenotype of an E. coli AR3110 biofilm. A: Top view of the biofilm, grown for 5 days, at 28°C and on salt-free LB
agar. Radial ridges are visible as well as the ring delimiting the central region. B: Vertical cross-section in the central region
of a biofilm, grown for 5 days, at 28°C and on salt-free LB agar containing. The biofilm was stained with thioflavin S. The top
layer is subdivided in three zones (red bars). In the surface zone, cells are embedded in a pEtN-cellulose-curli composite.
The middle zone contains vertical pillars of cells, stabilised by pEtN-cellulose filaments. The lower zone contains horizontal
chains of bacteria. The bottom layer contains mainly flagellated cells and does not bind thioflavin S. (Adapted from Klauck
et al. 201854, reprinted under Creative Commons BY 4.0 licence).

2.3.Methods for biofilm characterization
Numerous methods have been used to investigate biofilm properties. Some of them will be
introduced here with a stronger focus on the methods that are relevant to this work. Mechanical
methods will be introduced first, followed by spectroscopy. The examples provided for each method
will concern biofilm materials, although each method has a much wider area of application than

biofilm studies.

2.3.1. Rheology
Whether they grow inside of biological cavities, such as the respiratory or the digestive track, or at

the inner surface of pipes, biofilms frequently encounter shear forces. The science that studies the
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deformation of a material in response to shear is rheology. Formally, the term rheology refers to the
science itself, while the term rheometry refers to the experimental measurement methods.
However, for the sake of simplicity, and as is often the case in practice, both will be indistinctly
referred to as rheology in this work.

Rotational rheometers can be operated either in continuous or oscillatory rotation mode. When
controlling the frequency of the oscillation, the viscoelastic properties of a material can be probed.
They are usually expressed in the form of a storage modulus (G'), representing the elastic
contribution, and the loss modulus (G'"), accounting for the viscous contribution. The ability of
oscillatory rheology to directly provide both viscoelastic moduli of a material comes with the
limitation of measuring them only in bulk. In addition, when applied to biofilms, the sample
preparation often involves scraping the biofilms from their substrate or removing them from a liquid
interface, thereby potentially destroying their microscale matrix architecture®®. Nevertheless,
rotational rheology has been applied to biofilms produced by various bacterial species as diverse as
Pseudomonas spp.*°, A. vinelandii®’, S. mutans® and Vibrio cholerae®®. One way to circumvent the
partial destruction of the matrix architecture is to grow the biofilms directly on the rheometer stage,

6061 capillary peeling was

as was demonstrated for several strains of B. subtilis and S. epidermidis
recently introduced as a method to transfer an intact V. cholerae biofilm from its growth surface
onto another surface, e.g. a rheometer stage®®. When performing oscillatory rheology, the influence

I** on the mechanical properties of the biofilm can be

of the matrix composition® or expression leve
investigated, as well as the effect of chemical perturbations®®>’. Beyond oscillatory rheology, a
rheometer was also used to measure biofilm adhesion to surfaces® and interfacial rheology was
used to investigate the mechanical properties of biofilms at the air-liquid interface'®.

The lack of local information provided by bulk rheology as well as the partially destructive nature of
the method can be overcome when using microrheology. Microrheology itself can be subdivided

into passive and active microrheology. Passive microrheology involves tracking the position of

microparticles added to the biofilm prior to or during growth. Also referred to as particle tracking,
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the technique enables probing of biofilms at an early growth stage and at small length scales. The
particles are driven by thermal energy and undergo Brownian motion. From their random
trajectories, a mean-squared displacement (MSD) can be computed. The MSD is inversely
proportional to the shear modulus of the environment®. However, this method is only suitable for
soft (Table 1) biofilms®. Particle tracking was used to measure the viscoelastic properties in biofilms
produced by S. aureus, P. aeruginosa® and S. mutans biofilms®™. In order to probe viscoelastic
properties of stiffer materials (Table 1), larger forces need to be applied and active microrheology
becomes necessary. When actively applying a force on the microparticles, specific spatial points can
be targeted. When using magnetic tweezers for particle actuation, the penetration depth of the
magnetic field is the main limitation®®. Magnetic tweezers were used to map the viscoelastic
parameters of E. coli biofilms in three dimensions® (Figure 3). Alternately, optical tweezers can be
used to apply a force on microparticles. This was used to measure the local viscoelasticity of levan-

DNA mixtures, important components of biofilm matrices produced by various species®’.

Table 1. Overview of different microrheology techniques used for the characterization of biofilms®.

Technique Frequency range (Hz) Shear modulus range (Pa)
Particle tracking 10° - 10° 10° - 10°
Optical tweezers 10™ - 10* 107 - 10
Magnetic tweezers 107 -10° 10° - 10"
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Figure 3. Magnetic tweezers-based microrheology to three-dimensionally map the elastic compliance of biofilms
produced by E. coli MG1655. The biofilms were grown in a capillary under 1 mL h™ nutrient flow, for 24 h and at 37°C. A:
Capillary between the tweezers (black circle). The whole set-up is mounted on a microscope stage. B: Compliance mapped
in three dimensions. The error bars represent twice the standard error of the mean. C: Three-dimensional view of the
particle distribution. (The three parts of the figure were reprinted from Biophysical Journal, 103, Olivier Galy, Patricia
Latour-Lambert, Kais Zrelli, Jean-Marc Ghigo, Christophe Beloin, Nelly Henry, Mapping of Bacterial Biofilm Local Mechanics
by Magnetic Microparticle Actuation, 1400-1408, Copyright (2012), with permission from Elsevier).

2.3.2. Indentation
Just as a rheometer is used to investigate the relation between shear stress and shear strain, an

indenter can be used to investigate the relation between compressive stress and strain, or between
tensile stress and strain in case of adhesion of the probed material to the indenter. The
corresponding elastic modulus is the Young’s modulus (E). Depending on the size of the indenting
tip, the method is referred to as micro- or nanoindentation. In both cases, an indenter locally
compresses the material and the force acting on the indenter (ultimately providing a stress) is
recorded together with its position (ultimately providing a strain).

Using microindentation, the cohesive strength was measured for P. aeruginosa biofilms® and tensile
strength for S. mutans biofilms®. More generally, microcantilevers can be used to manipulate
biofilms and derive mechanical properties also without indentation. This can be referred to as
micromanipulation®. The strength of adhesion to a glass surface was investigated for P. fluorescens
biofilms with a specially designed T-shaped cantilever’. In this case, the biofilm was pulled away

from the surface rather than indented. Adhesive strength was investigated for P. aeruginosa and
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S. epidermis biofilms submersed in liquid. The biofilms were pulled away from their support by
suction through a capillary mounted on a micro-cantilever’’. In each case, the set-up was custom-
made.

Nanoindentation with an atomic force microscope (AFM) was also used for various biofilm-forming
bacteria species to investigate the mechanical properties both of the biofilm and of the bacteria
themselves. Mechanical properties of single bacteria were measured via nanoindentation for
P. aeruginosa’®. Viscoelastic properties were mapped for biofilms produced by S. epidermis’® and
E. coli’. AFM can further be used for single-molecule force spectroscopy (SMFS) and has been
employed to study the mechanical properties of E. coli type | pili”®. Furthermore, the bond between
the adhesive E. coli type | Frimbriae subunit FimH and its mannose ligand was also probed with

SMFS’®.

2.3.3. Fourier transform infrared spectroscopy
Fourier transform infrared spectroscopy (FTIR) is a technique that probes molecular vibrations. It

associates functional groups with characteristic infrared (IR) absorption bands corresponding to their
fundamental vibrations. The IR absorbance spectrum of a sample is a fingerprint of its chemical
composition. Given a nonlinear molecule with n atoms, there are 3n-6 normal modes, i.e.
fundamental vibrations. Yet, a normal mode absorbs incident IR light only if there is a change in the
dipole moment of the molecule. This means that only asymmetric vibrations are IR active. AlImost all
chemical groups in a sample can be probed. However, the strongest absorptions are measured for
groups with a permanent dipole”’. The vibration frequency depends on the mass of the atoms
involved in the bond and thus informs about the nature of the functional group. The frequency is
also sensitive to the electronegativity of the neighbouring atoms as well as to hydrogen bonding. It
thereby provides information about the environment of the group”’. FTIR is non-perturbative, non-

destructive, relatively inexpensive and quick to implement’®. It possesses a high discriminating
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power and can be used for bacterial strain typing in place of whole genome sequencing. In that case,
FTIR has the additional advantage of analysing the presence of biochemical markers’®”.

Three different types of spectral acquisition can be distinguished for microbial samples’®. Attenuated
total reflectance (ATR) makes use of a totally reflecting prism, onto which the samples are placed. An
evanescent IR wave is generated, goes through the sample obliquely and is reflected back to the
detector. This method is suitable for suspended cultures or biofilms with a smooth surface. It
requires minimal sample preparation, is low-cost and has little sample thickness restrictions.
However, it has a low throughput with only one spectrum per data acquisition. Considering that the
biofilm has to be placed on the prism, samples are often homogenized so that the method cannot
account for biofilm architecture or heterogeneity’”®. The second acquisition method is diffuse
reflectance. It is suitable for samples producing high levels of scattering. Such samples are for
instance freeze-dried, powdered or finely ground samples. The method has a high throughput but
the cost is relatively high. The last acquisition method is the transmittance mode. It has a high signal-
to-noise ratio, although lower than ATR. Unlike ATR, this method can provide spatial resolution,
performing as a type of microscopy that yields spectral maps’®.

A major use of FTIR for biofilms is the study of the extracellular matrix composition. FTIR spectra of
biofilm extracellular polymeric substance (EPS) produced by P. fluorescens, A. Iwoffii, Vitreoscilla sp.
and K. pneumoniae were measured and showed a dominant protein content, along with a high
content of polysaccharides and small amounts of lipids®’. In several species of Streptococci biofilms,
FTIR spectra were compared and mapped for several chemical groups®®. For a combination of
Enterobacter sp. and Aspergillus sp., FTIR was used to compare the composition of fungal-bacterial,
fungal-only and bacterial-only biofilms®'. In addition, the evolution of biofilm composition under the
influence of environmental factors can be assessed. Using FTIR, the effect of temperature on matrix
production was investigated for biofilms produced by Salmonella enterica serotype Virchow,
containing both cellulose and curli fibres®. ATR-FTIR was also used to detect the presence of biofilms

at the surface of composite-coated iron with the aim of determining whether the composite could
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inhibit biofouling®. ATR-FTIR was further used to monitor time-resolved changes in carbohydrates,
protein and DNA composition when exposing E. coli biofilms to zosteric acid, a possible inhibitor of
biofilm formation®". Most importantly, FTIR allows to resolve specific components within the biofilm.
For biofilms produced by a uropathogenic E. coli strain, the structure of Dr fimbriae, one type of
adhesins, was characterized®. Finally, FTIR can also be used to study metal complexation. For E. coli
biofilms, the functional groups interacting with Fe(lll), Cd(ll), Ni(ll) and Cr(VI) were investigated with

FTIR® (Figure 4).
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Figure 4. FTIR spectra of an E. coli biofilm grown on kaolin and with and without incubation with metal cations. The
biofilms were harvested, centrifuged, dried and ground into a sample disk prior to the FTIR measurements. The peaks
affected by the metal cations are indicated with arrows and identified based on the literature. (Reprinted from Chemical
Engineering Journal, 149, Cristina Quintelas, Zélia Rocha, Bruna Silva, Bruna Fonseca, Hugo Figueiredo, Teresa Tavares,

Removal of Cd(ll), Cr(VI), Fe(lll) and Ni(ll) from aqueous solutions by an E. coli biofilm supported on kaolin, 319-324,
Copyright (2009), with permission from Elsevier)

FTIR has also been used to investigate metal complexation by amyloids or cellulose, i.e. biological

structures that are also relevant to this work. Specifically, the effect of Fe(lll), Zn(ll) and Cu(ll) ions on
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the secondary structure of amyloid beta (AB) peptides was investigated as these ions are suspected
to play a role in amyloid aggregation observed in Alzheimer’s disease®. FTIR was also applied to
investigate coordination complexes between Fe(ll) cations and microcrystalline cellulose or long
cellulose fibres, revealing that coordination bonds form between Fe(ll) and deprotonated or oxidized

hydroxyl groups®.

Among other spectroscopic techniques used for biofilm studies, Raman spectroscopy needs to be
mentioned as a complementary vibrational spectroscopy technique. Also, UV-visible and
fluorescence spectrophotometry are used as well as small angle x-ray scattering and nuclear
magnetic resonance (NMR)®. Finally, genetic, mutagenesis and signalling pathway studies have
greatly contributed to the understanding of biofilms*>*°*; however, these methods are outside the

scope of this work and will not be discussed further.

2.4. Tuning biofilm properties

2.4.1. Environmental factors
While the influence of environmental factors on biofilm and EPS production has been investigated

for a long time, mechanical properties have moved into focus only recently. One of the main
environmental conditions directly influencing the morphology and mechanics of biofilms is the
availability of water. When biofilms are grown on an agar plate, the agar concentration in the gel is
inversely proportional to its water content. In general, biofilms grown on substrates with higher agar
concentration tend to be smaller and stiffer than their counterparts grown on substrates with lower
agar content. This was observed and explained for most model biofilm-producing bacteria. For
example, it was shown that the substrate water content influences the morphology and the stiffness
of E. coli biofilms. Substrates with low water content promote biofilm wrinkling and delamination,
and lead to stiffer biofilms covering a smaller area, while substrates with high water content

promote biofilm spreading kinetics'®. In V. cholerae, the growth and surface coverage of biofilms is
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driven by the osmotic pressure difference between the biofilm and the external environment, which
was observed both for biofilms at air-solid interface and submerged biofilms®. In addition, the
friction between the agar substrate and the biofilm plays a role. In a modelling study, Fei et al.
assumed that the friction coefficient is proportional to the stiffness of the substrate, which increases
with the agar concentration. Their model showed that stiffness and friction determine the wrinkling
pattern of V. cholerae biofilms. Wrinkles initially appear in the central region and propagate outward
on a soft and low-friction substrate, while they appear at the edge and propagate inward on a stiff
and high-friction substrate®. However, the role of water in forming an osmotic gradient also needs
to be taken into account, as shown by Yan et al.**. In addition, the water layer forming on the
substrate also reduces the interfacial friction between the biofilm and the substrate, an hypothesis
taken into account by Stecchini et al.”. In their experiments with Bacillus cereus biofilms, radial
growth diminished with increasing agar content™. Interestingly, lower colony density values as well
as thinner colonies were observed for lower agar concentration™. In B. subtilis, too, doubling the
substrate agar concentration results in lower expansion velocity and smaller biofilms. A similar
mechanism based on the increase of friction between the biofilm and the agar was proposed®. The
substrate water content is thus a convenient way to tune both the spreading and the stiffness of the
biofilm by acting on the friction between the film and its substrate. Finally, the possibility of
controlling the water content is not limited to hydrogel substrates. When subjected to desiccation
while grown on a sandy substrate, Pseudomonas sp. produce more EPS than when growing at high
water potential. Moreover, sand amended with EPS retains significantly more water and dries more
slowly, suggesting EPS production as a defence mechanism against desiccation”’. Similarly, relative
humidity can also be used to act on biofilm growth. The evaporative flux from the biofilm surface is
the driving force for the flow of liquid in biofilm channels, which in turn transports nutrients.
Therefore a lower relative humidity leads to more evaporation and thus increases growth®.

In addition to substrate osmolarity, the substrate nutrient content also plays a role. For P.

aeruginosa biofilms, high-nutrient environments lead to an increased EPS production compared to
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biofilms grown in low-nutrient environments. Biofilms grown in more nutritive environments are
also twice as stiff when compared to those grown in less nutritive environments®. It was observed
for B. subtilis that increasing the nutrient concentration boosts the biofilm expansion rate, delays the
time at which the expansion velocity reaches a maximum and delays the appearance of wrinkles. A
5-fold increase of the nutrient standard concentration led to higher expansion velocity than a 3-fold
increase, i.e. no optimum in concentration was measured®®.

In natural conditions, biofilms rarely grow on nutritive hydrogel substrates. When colonizing drinking
water or sewage pipes, or even the inside of medical catheters, biofilms regularly encounter shear
forces induced by fluid flow. They have therefore developed mechanisms to cope with them, which
can in turn be used to alter the morphology or the mechanics of the biofilms. The adaptation of
biofilms to different flow conditions has long been investigated. Multi-species cultures of
K. pneumoniae, P. aeruginosa, P. fluorescens and Stenotrophomonas maltophilia produce disk-like
biofilms in laminar flow, while they produce biofilms elongated in the direction of the flow in
turbulent conditions. In addition, biofilms grown in turbulent flow produce ripples that migrate
downstream over time'®. Similar experiments were performed for the sulphate-reducing
Desulfovibrio sp and a similar influence of flow-velocities on biofilm shape was demonstrated. At
high flow velocity (Reynolds number (Re) = 1200), streamers (biofilms elongated in the direction of
the flow) were observed, while at low flow-velocity (Re = 120), clusters of biofilms were observed.
Moreover, biofilms grown at higher Re were stiffer with a higher yield point (the yield stress beyond

which the biofilm starts to flow)™

. In certain strains of S. epidermis, it was shown that fluid shear
alone induces the production of a biofilm matrix containing a polysaccharide intercellular adhesin, a
poly-acetyl-glucosamine'®. As described for solid substrates, nutrient availability (e.g. glucose) can
also be used in liquid to tune biofilm growth, as was shown for P. aeruginosa grown in a microfluidic

103 Antibiotics (ciprofloxacin) can also be used in a similar way™®.

chip
Temperature is another factor, the influence of which has been investigated across many bacteria

species. However, unlike substrate water content or shear, the influence of temperature on biofilm

29



formation varies significantly from one species to another. For Vibrio parahaemolyticus, biofilm
formation is significantly higher at 25°C than at 15°C or 37°C. Moreover, the growth profile differs
with temperature. At 15°C, biofilm formation increases continuously, while at 25°C, biofilm

formation increases gradually and peaks after 12 hours™®*

. Temperature also plays a role in biofilm
growth dynamics in Salmonella spp.. After 24 hours of growth, the optical density (OD) of biofilms
grown in a multi-well plastic microplate was higher at 30°C than at 37°C or 22°C. After 48 hours

however, the OD was higher at 22°C0

. In the foodborne pathogen Listeria monocytogenes, biofilm
formation was tested at four temperatures: 12°C, 20°C, 30°C and 37°C. Overall, biofilm formation
decreased with decreasing temperature'®. A study performed on 67 S. aureus strains isolated from
food, food processing environments and handlers also demonstrated the effect of temperature on
biofilm formation in the pathogenic bacterium. While most strains formed biofilms at 37°C on

various surfaces, only one strain was able to form biofilms at 12°C*%’

. Finally, E. coli biofilms were
stiffer when grown at 30°C than when grown at 37°C due to an increase in curli production at 30°C®.
Liguid medium pH has an influence as varied as temperature. For P. fluorescens biofilms,
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exopolysaccharide production is optimal at pH 7°. However, biofilm formation in Group B

Streptococcus is significantly higher at pH 4.5 than at pH 7'

. Similarly, in Group A Streptococcus
(S. pyogenes), low pH enhances biofilm formation as well as the expression of the genes encoding

pilus proteins'*°.

2.4.2. Genetic engineering
In addition to environmental factors, interesting material properties can also be obtained when

using synthetic biology to reprogram the bacteria genetics. The possibilities are so vast that genetic
engineering deserves its own section. Genetic engineering has, for example, been applied to better
control the genes involved in polysaccharide synthesis, e.g. with the goal of increasing their
production. A modular genetic toolkit was developed specifically for a strain of Komagataeibacter

rhaeticus, a high-yield producer of cellulose isolated from Kombucha tea, thereby enabling external
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control over its cellulose production''’. In Bacillus amyloliquefaciens, the production of a high-purity
and low-molecular weight levan was maximized by knocking out the genes responsible for other
main matrix components (TasA fibers and poly-y-glutamic acid) as well as extracellular proteases'*.
Genetic engineering of the matrix peptidic compounds has been much more broadly investigated
than in the case of polysaccharides because proteins are easier to functionalise than sugar polymers.
For this reason, the examples mentioned below will be restricted to research conducted in E. coli
only, i.e. on the amyloid curli fibres made of CsgA subunits. Before even altering the nature of the
amyloid fibres, genetic engineering can be used to control the environmental factor triggering their
production. With the aim of fighting water pollution by mercury, E. coli csgA transcription was
placed under the mercury-responsive P.,.x promoter, itself constitutively repressed by the MerR
repressor. In presence of mercury, MerR changes conformation and the promoter is de-repressed.
Curli fibres were excreted and sequestrated Hg(ll) cations in solution'™. E. coli was also engineered
to obtain light-controlled CsgA production. Different colours of light led to the expression of CsgA
fused to different peptide tags. When projecting colour images, cells could be patterned on various
materials such as polystyrene, cotton and 3D-printed materials'**. Similarly, E. coli was adapted to
express an adhesin gene (Ag43) under the control of a light-activated transcriptional promoter
(pDawn). This enables biofilm patterning upon blue light exposure, with a spatial resolution of 25 um
and without requiring surface pre—treatment“s.

Even more widespread is the fusion of CsgA with functional domains. The goal of such a strategy can
be to immobilise an enzyme onto the extracellular matrix in order to improve its activity, or to
provide the biofilm with completely new functions. At this stage, the only limit seems to be the
imagination of researchers, with potential applications in fields as varied as metal bioextraction,
disinfection or biomaterials. For example, in order to improve the catalytic synthesis of trehalose
from starch, the immobilisation of f-amylase on CsgA was coupled with the intracellular expression
of trehalose synthase in the same E. coli cell. This configuration increased the maximum trehalose
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formation rate as well as the conversion of starch into trehalose™. In the same way, CsgA was
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appended with a lipase-binding protein to immobilise the Lip181 lipase onto curli fibres. In doing so,
Lip181 thermo-, pH and storage stability as well as its relative activity were increased, thereby
leading to increased catalytic performances'”.

Curli amyloid fibres were also genetically modified to display lanthanide binding tags (LBTs) to
produce rare earth filters. The biofilm-based filters showed lanthanide specificity in presence of
other metals and bound several high-value rare earth elements. Metals could be recovered by

Y8 With a health sector

washing with dilute nitric acid and the filters reused for several cycles
targeting approach, CsgA was fused with the influenza-virus-binding peptide (C5). Using the resulting
biofilms as a sequestrator, aqueous solutions could be disinfected below the limit of detection of
qPCR-based detection assays''’. The functionalization of CsgA is not limited to enzymes and binding
motifs. Other applications of biofilms that can be realized with genetic engineering include
conductive biofilm-based materials. To do so, conductive peptides, containing different
combinations of tyrosine and tryptophan, were inserted into CsgA'.

When combining several of these approaches, entirely new materials can be synthetized. CsgA fibres
genetically fused to human trefoil factors (TFF) 1, 2 and 3 were produced, secreted and assembled
by E. coli. Moreover, curli matrices formed from such fibres maintained the ability of TFF to bind
mucins, as well as their signalling bioactivity, and also showed enhanced bacterial adhesion to

mammalian cell surfaces™

. CsgA functionalized with TFF2 also formed hydrogels that can be cast
and dried at ambient temperature, resulting in aquaplastics that resist strong acids and bases as well
as organic solvents®. The E. coli MG1655 strain was genetically modified to create a glue based on
CsgA that can be chemically or light-controlled. The amyloid glue was capable of capturing non-
sticky microspheres from a solution to form living composite coatings. Moreover, by coupling the
production of the modified CsgA to a heme-sensitive gene circuit, damages in a microfluidic device
could be autonomously repaired upon blood sensing**%. Finally, biofilm 3D-printing has been widely

investigated and bioinks based on E. coli were developed. Indeed, engineered CsgA nanofibres

assemble into a network forming extrudable hydrogels. Functional living materials could thus be 3D-
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printed from the bioink containing E. coli cells embedded in their excreted nanofibres'?. Recently,
the biological endurance to disinfectants was investigated for 3D-printed E. coli biofilms with various
matrix compositions (curli +/- cellulose, or neither fibre). The highest biological endurance to ethanol

or Virkon™$ was measured for a matrix containing both fibres'**.

2.4.3. Metal ions
Metal ions are widespread in nature and play a multitude of roles in living organisms. They are

required for catalytic activity in enzyme active sites and control transcription factor structure and
activity. The following section will focus on cases where metal ions directly affect the mechanical
properties of biological materials, for example, where they contribute to increasing stiffness,
hardness, adhesion or even self-healing properties.

In arthropods, higher concentrations of metal ions are detected in organs that require additional
stiffness or hardness such as stings or fangs. High concentrations of Zn(ll) ions are measured in the
mandibular teeth of the ant Tapinoma sessile as well as in the pedipalp and cheliceral teeth, tarsal
claws and sting of the scorpion Vaejovis spinigeris*>®. The spider Cupiennius salei incorporates Zn(ll)
and Ca(ll) cations in the cuticle of its chitin-made fangs. The stiffness and hardness are highest at the
tip of the fang and decrease away from it. Interestingly, this correlates with the highest
concentration of Zn(ll) at the tip of the fang. Ca(ll) is also localised in the fang with a complementary
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distribution to Zn(ll)™=. The contribution of metal ion complexation to material properties is not

limited to arthropods. Zn(ll) is also essential for the mechanical properties of the polychaete Nereis
jaws, where both stiffness and hardness were shown to decrease by more than 65% in case of Zn(ll)
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chelation™’. The presence of chlorinated and brominated residues was also detected and the main
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.In

determinants of local jaw hardness were shown to be Zn(ll) and chlorinated functional groups
molluscs, the granular cuticle of the byssus of the mussel Mytilus galloprovincialis was demonstrated

to be a polymeric scaffold stabilised by complexes between 3,4-dihydroxyphenylalanine (DOPA) and

Fe(Il1)'®. Such complexes are responsible for cuticle hardness, which decreased by 50% after
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chelation by ethylenediaminetetraacetic acid (EDTA)™". In addition to stiffness and hardness, metal

chelation can also facilitate adhesion. Cross-linking by metal ions, in particular Ca(ll), is also

suspected to play a role in the glue produced by the slug Arion subfuscus™!

. Similarly, the polychaete
worm Phragmatopoma californica secretes a proteinaceous cement to form protective tubes by
joining bits of sand grains and shells. The adhesive contains several proteins, some with DOPA
residues and others with a high number of phosphorylated serine. Proteins are excreted in the form

132133 “Metal-protein interactions are up to half the

of granules, which also contain Mg(ll) cations
strength of covalent bonds. However, the ability of metal-coordination bonds to rapidly dissociate
and associate enables them to serve as sacrificial bonds, which in turn provides biological materials

with self-healing capacity®®*®

. In this context, a much-studied living organism is the mussel Mytilus
californianus, where reversible sacrificial protein-Zn(ll) coordination bonds, primarily involving
histidine residues, were shown to be responsible for the self-healing properties of its byssus***.

Amyloid-forming fibres are peptidic compounds known for interacting with metal ions. These include
for example AB peptides, which are the main components of amyloid plaques responsible for
Alzheimer's disease. In vitro, Zn(ll) was shown to inhibit the formation of B-sheets while Fe(lll) and
Al(lll) trigger amyloid formation or stabilise the structures. In amyloid plaques, the three metal

135

cations co-localise with AB™". 3D-models have shown that Al(lll) is almost always hexacoordinated

138 7Zn(l1) coordinates four to

and interacts with aspartate and glutamate residues in AB-complexes
six ligands in AB-complexes, including three histidine residues as well as one aspartate and/or
glutamate residue™’. Despite a lack of structural studies on Fe(lll) coordination to AB™*%, ferric ions

3% To date, curli amyloid fibres have only

are known to bind histidine more efficiently than Zn(ll)
been demonstrated to sequester Hg(ll) ions, suggesting a possible general ability to bind metal
cations**.

Cellulose is the most abundant biopolymer on Earth. It is well-known for sequestrating metal ions.

This property has mostly been studied with the aim of heavy metal removal. Untreated sugarcane

bagasse, a by-product of the sugarcane industry that contains 50% cellulose, has been shown to
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adsorb Cd(11), Pb(ll), Cr(1V) and As(V) among other heavy metals'*". Cellulose is rarely used alone for
remediation as it is not very efficient. Various chemically-modified celluloses have been developed,
thereby improving the adsorption efﬁciencym. Interestingly in the context of this thesis,
phosphorylation of cellulose nanofibres significantly enhances their adsorption capacity of Fe(lll)

ions™*

. However, no data is yet available concerning the interaction of Al(lll) or Fe(lll) with pEtN-
cellulose, the form present in E. coli biofilms.

Biofilms frequently grow in an environment rich in metal ions such as wastewater basins or at the
inner surface of metallic pipes. The effect of metal ions on their mechanical properties has thus been
investigated, at first with the aim of better fighting them and, subsequently, as a way to tune their
properties. For Enterobacter asburiae, Vitreoscilla sp. and A. Iwoffii, metal ions promote biofilm
formation®’. In the case of S. epidermidis, B. subtilis and P. aeruginosa, biofilms stiffen in the
presence of metal cations®. Specifically, B. subtilis biofilms stiffen and erode slower in presence of
Fe(Ill) and Cu(l1)*®. In B. subtilis B-1 and A. vinelandii, both the ion size and the configuration of the
polyanionic macromolecules in the matrix determine whether biofilm stiffening occurs®. In
P. aeruginosa, however, the key factor seems to be the cation valence as only Fe(lll) and Al(lll) were
shown to trigger stiffening®. The mechanism behind cation-mediated biofilm stiffening, therefore,
seems to be specific to the bacterium species. While metal cations can stiffen biofilms by cross-
linking the matrix, a wide range of metal complexes has also demonstrated anti-biofilm activity™*.
Making use of genetic engineering, some metal ion-binding motifs found in multicellular organisms
have been introduced into biofilm-forming bacteria with the aim of further tuning their mechanical
properties. For example, the amyloidogenic protein TasA from B. subtilis was appended with the
mussel foot protein Mepf5 and the hydrophobin BslA was equipped with the mussel-derived peptide
Mfp3Sp. Both Mepf5 and Mfp3Sp are rich in tyrosine residues. When expressing a tyrosinase to

convert tyrosine into DOPA, curing of the biofilm material with Fe(lll) cations became possible. This

strategy increased the shear adhesive strength and the resistance to detergents, among other
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properties, resulting in “functional cellular glue”’

. Noteworthy, a similar approach was also applied
to E. coli but no metal-curing step was reported?.

Interestingly, the effect of metal ions on E. coli biofilm mechanics has not yet been investigated at
the same level of detail as for other biofilm-forming model bacteria. An inhibitory effect of trivalent
metal cations on bacterial growth was reported. For example, 10> M of LaCl; reduces the number of
colony-forming units (CFU) by 98% while FeCl; and AICI; reduce it by 40% and 50%, respectively®. In
addition, FeCl; also triggers the production of rugose biofilms in E. coli. In such biofilms, two
populations of bacteria can be distinguished: an external population at the air-biofilm interface
producing matrix and expressing csgD at high-levels; and an internal population with low levels of
csgD expression and no detection of cellulose or curli. The activation of rugose biofilms by Fe(lll) is
linked to oxidative stress. Mitigating iron-derived reactive oxygen stress reduces biofilm formation
upon exposure to FeCls;, while superoxide generation stimulates rugose biofilm formation even in
absence of FeCl;*. In addition, an Fe(ll)- and Zn(ll)-sensing transcription regulator (BasS-BasR) has
been shown to upregulate csgD transcription*®.

Metal ions play a key role in controlling the tissue mechanics of many organisms. They are
particularly influential in biofilms, the mechanical properties of which can be tuned post-growth by
incubation with metal ions®’. The bacterium E. coli is one of the most studied organisms, as it is
crucial to both our health and our economy. However, while E. coli also serves as a model organism
for the study of biofilms, very little is known concerning the influence of metal cations on biofilm
mechanics, in particular after growth. Since the mechanisms involved, the determining criteria and
the resulting biofilm properties seem to vary from one bacterium species to another, their thorough
investigation for E. coli is essential. What are the effects of metal cations on the mechanical
properties of E. coli biofilms? If such effects exist, what are the factors determining which particular
cation plays which role? Knowing the composition of E. coli biofilms and assuming a contribution of
biofilm architecture, which matrix component(s) interact(s) with metal cations? What interactions

take place at the molecular level?

36



3. Scope of this thesis

In this doctoral thesis, | aimed to explore key open questions about the contribution of matrix
composition and architecture to the properties of E. coli biofilms, with a particular focus on tuning
the viscoelasticity of E. coli biofilms with metal cations and their possible interaction with fibres.

My first goal was to investigate if and how the viscoelastic properties of E. coli biofilms can be tuned
by the addition of metal cations and to explore the role of curli amyloid and pEtN-cellulose fibres.
Biofilms with different matrix composition were mixed with salt solutions of FeCl;, AlCl;, ZnCl, and
CaCl, and their viscoelastic properties were determined with shear rheology. As controls, ultrapure
water was used along with controls for the pH and osmolality of the respective solutions. To account
for the low pH of the above salt solutions, an HCI control solution with a pH similar to the FeCl;
solution was used. In addition, an NaCl control solution was used that matched the osmolality of the
FeCl; solution. In practise, biofilms were grown on nutritive agar substrates for one week, scraped
from the agar surface and mixed with one salt solution or ultrapure water. Shear strain amplitude
sweeps were then performed with an oscillatory rheometer. The elastic and viscous biofilm
properties were obtained from the plateau values of the storage and the loss moduli, respectively.
Subsequently, the moduli measured in the presence of different salt solutions were compared to the
control with ultrapure water to identify whether a biofilm with a particular matrix composition
stiffened or softened in the presence of a particular metal cation.

Even though the same sample preparation strategy has been used in the past for rheology
experiments of other biofilms, it appears likely that the architecture of E. coli biofilms is destroyed at
least partially. In the second study, | compared stiffness measurements from rheology with stiffness
measurements obtained from less destructive microindentation to assess how biofilm
homogenization upon mixing with salt solutions affects the viscoelastic properties. When performing
microindentation, the biofilms can be measured directly on their agar substrate and the matrix
architecture can be preserved. The Young’s moduli obtained from indentation curves were

compared to the shear moduli obtained from rheology. At this stage, a larger variety of different
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matrix compositions was tested to gain further insight into the contributions of these components.
In addition to the matrices mentioned in the previous paragraph, strains producing non-modified
cellulose were tested with or without the expression of curli as well as a strain that did not produce
any of these two matrix components.

Both rheology and microindentation provide information about the bulk mechanical properties of
biofilms but do not provide any information about matrix-cation interactions at the molecular level.
In the third and last project, | thus used Fourier-transform infrared spectroscopy (FTIR) to obtain
molecular signatures and to identify which matrix components interact with metal cations. In
addition, matrix fibres were purified from the biofilms of E. coli strains that produce only curli or
pEtN-cellulose. The purified fibres were mixed with the respective salt solutions and also
characterized with FTIR. The resulting spectra were used to detect possible changes in curli

secondary structure as well as functional groups interacting with metal cations.
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4. Materials and Methods

4 .1.Culture and solutions

4.1.1. Bacterial strains
Different E. coli strains were used to distinguish between the contributions of the two main matrix

fibres to the mechanical biofilm properties, and the dependence of these properties on the presence
of metal cations. W3110 is a non-pathogenic K-12 strain* that produces curli amyloid fibres and
lacks the ability to synthesize cellulose. Cellulose synthesis, which is encoded in the bcs operon, was
restored in the strain AR3110%. This W3110-based strain thus produces both curli amyloid fibres and
pEtN-cellulose. To obtain a strain that produces only pEtN-cellulose, curli production was inactivated
in the strain AP329 (AR3110 AcsgBA)*®. AP470 (AR3110 AbcsG) is a strain derived from AR3110 that
produces amyloid curli proteins and non-modified cellulose, i.e. without the pEtN-modification®®.
AP472 (AR3110 AcsgBA AbcsG) is a AR3110 derivative strain that produces only non-modified
cellulose®. AR198 (AR3110 AcsgB AbcsA) is a strain derived from AR3110 that produces neither curli
amyloid proteins nor cellulose®. This library of bacterial strains was kindly provided by Prof. Dr.
Regine Hengge’s research group from the Humboldt University of Berlin, Germany. To test biofilm
properties when both curli and pEtN-cellulose are present, but not produced by the same bacterial
cell, W3110 and AP329 were combined before inoculation (co-seeded) or when harvesting the

mature biofilms for the rheology experiments (mixed).

4.1.2. Biofilm growth
For bacterial culture, LB agar plates (Luria/Miller; x969.1, Carl Roth GmbH) were prepared. A

bacterial suspension, grown from glycerol stocks, was streaked onto these agar plates to obtain
microcolonies after overnight culture at 37°C. One day before starting biofilm growth, two single
microcolonies were separately transferred into LB medium (5 mL; Luria/Miller; x968.2, Carl Roth
GmbH) and incubated overnight at 250 rpm and 37°C. The ODgy of the resulting bacteria
suspensions was measured after a 10-fold dilution. The sample where ODgy of the diluted

suspension was closest to 0.5 was chosen for inoculating the biofilms. Biofilms were grown on salt-
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free LB agar plates as media with low osmolarity promote matrix production®’. The salt-free LB agar
plates were composed of tryptone/peptone ex casein (10 g L™"; 8952.1, Carl Roth GmbH), yeast
extract (5 g L™; 2363.1, Carl Roth GmbH) and bacteriological agar agar (18 g L''; 2266.3, Carl Roth
GmbH). On each Petri dish (¢ = 145 mm), 9 x 5 pL of suspension were inoculated to obtain an array
of 9 biofilms. For the “co-seeded” biofilm samples, ODgq of the two suspensions was measured and
the suspensions were combined such that the final density of each bacterial strain was identical.
Inoculation took place immediately after a short mixing step. For the “mixed” samples, both
bacterial strains were grown on the same agar surface. All biofilms were grown at 28°C for 7 days,
unless specified otherwise, and then stored in the fridge at 5°C for a maximum of 48 h. Images of the

biofilms were acquired with an AxioZoomV.16 stereomicroscope (Zeiss, Germany).

4.1.3. Metal salt solutions
The following salts were used to probe the influence of trivalent and bivalent cations on biofilm

properties: aluminium chloride hexahydrate (97%; 26726139, Molekuka GmbH), iron(lll) chloride
anhydrous (1/1035/50, Fisher Scientific), zinc chloride (298%) (29156.231, VWR International) and
calcium chloride dihydrate (299%; C3306, Sigma-Aldrich). AICI;, FeCls, ZnCl, and CaCl, were dissolved
in ultrapure water to a concentration of 220 mM and the pH was measured with a pH-meter (WTW
GmbH; Table 2). Using the FeCl; solution as a reference, a control solution with identical pH was
prepared using hydrochloric acid (1.09057, Merck KGaA). In addition to the pH, the osmolality of the
metal salt solutions can also influence biofilm properties via water intake of the biofilm. The
osmolalities of the different solutions were measured with an osmometer (Osmomat 3000, Gonotec
GmbH). The osmolalities were determined from a calibration curve established from solutions of
sodium chloride (39781.02, Serva Eletrophoresis) (Table 2, Annex Figure 22). Similar to the pH

control, a NaCl solution was prepared that matched the osmolality of the FeCl; solution.
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Table 2. Concentration, pH and osmolality of the four metal salt solutions FeCl;, AICl;, ZnCl,, CaCl, and the NaCl and HCI
control solutions.

Solution AICl; FeCl; ZnCl, CaCl, NaCl HCI
Concentration (mM) 220 220 220 220 409 32

pH 2.8 1.5 5.7 5.2 - 1.5
Osmolality (mOsmol/kg) 895 754 598 618 754 -

4.2.Influence of metal cations on the viscoelastic properties
of Escherichia coli biofilms

4.2.1. Sample preparation for rheology experiments
Depending on the E. coli strain, two or three biofilms (~¥90 mg) were scraped from the agar surface

and transferred into an empty Petri dish using cell scrapers. For the “mixed” biofilm samples,
materials from both strains were combined in equal proportions. All samples were gently stirred
with a pipette tip and either measured as obtained (neat) or incubated with the desired metal or
control solution (diluted). For the experiments that required the incubation of the biofilm with the
respective solution, the scraped biofilms were stirred with the solution in a ratio of 10:1 (w/v),
yielding a final cation concentration of ~20 mM. After stirring, the Petri dish was sealed with
Parafilm and left to incubate at room temperature for 45 min. For every dilution experiment, two
samples from the same agar plate were measured. One was incubated with the solution of interest
and the other sample was incubated with ultrapure water. To document sample texture, images of
the different mixtures were taken with a 2-megapixel USB camera (Toolcraft Microscope Camera

Digimicro 2.0 Scale, Conrad Electronic SE).
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4.2.2. Bacterial growth experiment after incubation with metal salt solutions
In addition to rheology experiments, bacterial growth was monitored after biofilm incubation with

metal salt solutions in order to assess the potential toxicity of the solutions on bacteria within the
biofilms. To do so, biofilms were grown, scraped and mixed with metal salt solutions in a Petri dish
as previously described. Unlike the sample preparation for rheology, those steps were performed in
sterile conditions. Two solutions were tested: FeCl; and ZnCl,; as well as ultrapure water. After 45
min of incubation, a portion of the resulting mixture was transferred for inoculation into 5 mL of LB
medium using an inoculation loop. The resulting liquid cultures were briefly vortexed and incubated
at 250 rpm and 37°C. The inoculated biofilm mass was determined by subtracting the mass of the
dish containing the mixture before and after inoculation. Bacterial growth was monitored with
ODgoo measurements after a 10-fold dilution after 180, 270, 360 min and overnight growth (~23
hours). The bacterial concentration was determined using the following relation: ODgg=1

1“8 with the additional factor 10 corresponding to the 10-fold

corresponds to 10*10® cells/mL
dilution. The concentration was subsequently divided by the initial biofilm mass inoculated,

supposedly proportional to the initial number of bacteria inoculated.

4.2.3. Biofilm buffering capacity
Since the four metal salt solutions tend to have a low pH, the buffering capacity of the biofilms was

assessed. Phosphate buffers (0.1 M) were prepared with pH = 2, 7 and 12, using phosphoric acid and
its potassium salts. Biofilms of the three strains used in the rheology experiments (AR3110, W3110
and AP329) were grown for one week, scraped from the agar surface and transferred into Petri
dishes, as previously described. After weighing (PG1003-S analytical balance, Mettler-Toledo LLC),
biofilms were stirred with ultrapure water or buffer in a ratio of 10:1 (w/v). The pH of the resulting
mixture was measured immediately after mixing using pH-paper (PH-FIX Indikatorstdbchen pH 0-14,
Macherey-Nagel GmbH & Co. KG) and again after 45 min of incubation in the Petri dish sealed with

Parafilm.
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4.2.4. Assessing evaporation during the incubation with metal ions
To assess whether evaporation depends on the type of solution added, biofilm mass was determined

at the start and end of the incubation period. Reproducing the sample preparation method for
rheology, biofilms were weighed (ABJ 220-4ANM precision balance, Kern & Sohn GmbH) and
subsequently stirred with ultrapure water or the respective NaCl, ZnCl, or FeCl; solutions in a ratio of
10:1 (w/v). They were weighed again after stirring and left to incubate in a Petri dish sealed with
Parafilm for 45 min and then weighed one last time. The weighing steps took place with the Petri

dish open and the water loss was calculated from the difference in mass before and after incubation.

4.2.5. Rheology measurements
The measurements were performed with an oscillatory shear rheometer (MCR301, Anton Paar

GmbH) under stress control. The sample stage was equipped with Peltier thermoelectric cooling and
the temperature was set to 21°C for all measurements. Once the sample was transferred onto the
stage, a channel around the stage was filled with water and a hood was used to maintain a high
humidity environment. A parallel plate geometry (¢ = 12 mm) was used and the gap was set to 250
pm.

To quantify the viscoelastic properties of the biofilm, strain amplitude sweeps were carried out to
determine the linear viscoelastic (LVE) range and to extract the storage (G'o) and loss (G") moduli.
The oscillation frequency was set to 10 rad s ™. The strain amplitude was increased from 0.01% to
100% with 7 points per decade and then decreased again. These cycles of ascending and descending
strain amplitude were repeated 3x. One experiment with 3 cycles lasted approximately 45 min. The
data presented in the Results sections (5.1 and 6.1.2) were extracted from the ascending amplitude
sweep in the second cycle. The first cycle was considered as an additional homogenisation step.

To validate the chosen oscillation frequency, frequency sweeps were performed for AR3110
samples. The strain amplitude was set constant to 0.02%. The oscillation frequency was decreased
step-wise from 100 rad s to 1 rad s with 7 points per decade. Alternatively, frequency sweeps

were performed with a frequency increasing from 1 to 100 rad s™. This ranges from one order of

43



magnitude above and below the frequency used for the amplitude sweeps. Frequency sweeps were
also performed over a wider range of frequencies, i.e. from 100 to 0.001 rad s™; however, these
measurements showed excessive drying of the biofilm samples at low frequencies. All frequency
sweeps were carried out with neat biofilms and samples mixed with 10% (v/w) ultrapure water, and
both preceded or not by a pair of increasing and decreasing amplitude sweeps as previously
described.

To validate that sample drying does not affect the data acquired within the second ascending
amplitude sweep, sample properties of AR3110 were recorded for a duration of at least 3 h, using a
low oscillation frequency of 10 rad s™ and strain amplitude of 0.02%. This test was also preceded by

a pair of amplitude sweeps (increasing and decreasing strain amplitude) as previously described.

4.2.6. Data analysis for the rheology measurements
To determine biofilm properties, the G' and G" values were averaged over a strain range from 0.01

to 0.02% (3 data points). These values represent the plateau moduli G'; and G" of the respective
biofilms (neat samples vs. samples diluted with ultrapure water). For the dilution experiments with
solutions of metal cations, the primary focus was on the relative difference between moduli. That is,
the modulus of the sample diluted with the solution of interest was corrected by the modulus of a
sample (from the same Petri dish) diluted with ultrapure water. This comparison to a reference
sample, grown under identical conditions, was necessary to account for biofilm sample variability
between Petri dishes.

For both moduli, the relative difference was calculated as follows, as exemplary shown for G'y:

! !
G 0,solution — G o,water

AGIO =

!
G o,water

For each condition tested, the median was determined (np.s 2 4) as the data was not normally

distributed. The data is shown in the form of boxplots and the whiskers of the boxplots represent 1.5
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times the interquartile range (IQR). To assess whether the relative differences of the moduli show a
significant difference from zero, i.e. the effect of the solution tested differs from that of water, a
one-sample Wilcoxon signed rank test (1 = 0, a = 0.05) was performed, using the program R (R Core

Team; version 4.0.5).

4.3. Microindentation to assess the contribution of the biofilm macroscopic
architecture to its viscoelastic properties®

The microindentation experiments were performed on native biofilms. Biofilms were seeded on salt-
free LB agar as previously described and then grown for 4 days at 28°C. The measurements took
place either directly after growth or after storage in the fridge at 5°C for up to 5 days. During
storage, the Petri dishes were sealed with parafilm to prevent evaporation. 2 to 4 biofilms were
tested per condition. The measurements were performed while the biofilms were still attached to
their agar substrate, i.e. in their native conditions, unless specified otherwise. Microindentation
measurements were performed using a Tl 950 Triboindenter (HYsitron Inc., USA) and data was
acquired in the form of load-displacement curves p — §. The calibration was done in air. The samples
were indented using a spherical diamond tip (r = 50 um) on an extended displacement stage (xZ-500
displacement stage, Bruker), adapted to the measurement of soft biological samples. The samples
were approached vertically from 300 to 400 um above the biofilm surface, indented and the
indenter was retracted to the starting position. The applied force was recorded over the whole
range. Loading/unloading rates ranged from 20 to 30 pms™, corresponding to loading/unloading
times of 10 s. In the case of native samples, the central region of each biofilm was indented 8 times.
Two measurement points were separated by a minimum of 250 um both in x and y directions.

The reduced Young’s modulus was obtained by fitting the loading part of the curve (displacement

range: 6 = 0-10 um) with a Hertzian contact model**’:

All microindentation experiments were performed by Ricardo Ziege either in parallel or at a different moment. Those
results are thus not formally part of the present thesis but were part of a common project. They are introduced in this
work for the sake of comparison with the rheology data.
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p= §Er R2 62
The work of adhesion was calculated by integrating the area under the unloading curves, for p < 0.
Load-displacement curves were analysed only when the maximum load was reached within the
displacement range from 7 to 30 um, to ensure comparable tip-sample contact areas. This was
necessary as the absolute depth of indentation cannot be controlled when the microindenter is
running in the “air-indent” mode. For each condition tested, median values and standard errors
were calculated only over the analysed load-curves. The median was used instead of the mean
because the data was not always normally distributed. The standard error of the median was

estimated using a bootstrap (see Annex) strategy (number of iterations: 1000) implemented in the

program R (R Core Team; version 4.0.5).

4.4.Molecular interactions between metal cations and the biofilm matrix

4.4.1. ATR-FTIR measurements on biofilms
ATR-FTIR was used to investigate the molecular mechanisms responsible for the bulk effects

observed with rheology. For this purpose, three bacterial strains (AR3110, W3110 and AP329) and
six solutions (FeCl;, AICl;, ZnCl,, CaCl,, NaCl, HCl), as well as ultrapure water, were tested. The
concentrations of the solutions were the same as already specified for the rheology experiments. For
each combination of one solution and one bacterial strain, three replicates were measured. All
combinations and replicates involving the same bacterial strain were measured on the same day.
Biofilms were scraped from the agar, weighed and mixed with the solution or ultrapure water in a
10% (w/v) ratio. The mixtures were then transferred onto the diamond crystal surface of the
spectrophotometer (Vertex 70v, Bruker Optik GmbH) and partially dried under N, flow for 3 min. The
spectrometer is equipped with a single reflection diamond reflectance accessory, which is

continuously purged with nitrogen to minimise water vapour distortions in the spectra®®

. Every
measurement consisted of 64 accumulations recorded at 25°C, between 7500 and 600 cm™ with a

spectral resolution of 0.4cm™. Baseline correction (method: Rubberband correction) and
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atmospheric compensation were performed with OPUS software (Bruker Optik GmbH; version 7.0).

The data was normalised to a 0-1 range and plotted in R (R Core Team; version 4.0.5).

x;—min(x)

Normalisation: zi = with x; and z; the intensity data respectively before

max (x)—min(x)
and after normalisation.

For biofilm spectra, the maximum corresponded to the peak at 1623 cm™, or exceptionally the peak
at 3280 cm™. Normalising the biofilm spectra with respect to the maximum over the range was
chosen because not all biofilm replicates showed the same maximum. In doing so, all replicates

could be simultaneously plotted without overlapping (Annex 12.3.1).

4.4.2. Curli amyloid and pEtN-cellulose purification”

The protocol for the purification of curli fibres was adapted from Chapman et al.™!

. The goal of the
original protocol was to purify curli fibres from the biofilm matrix of an E. coli strain that does not
produce (pEtN-)cellulose. However, reciprocally, the same protocol can be used to purify pEtN-
cellulose from the biofilm matrix produced by the E. coli AP329 strain, which does not produce curli.
The protocol written below describes the purification of curli fibres.

Biofilms were grown for one week on salt-free LB agar at 28°C. A total of 27 biofilms (or 3 Petri
dishes of 9) are necessary to obtain approximately 1 g of biofilm material. Biofilms were scraped
from their agar substrate and transferred into an Eppendorf tube. They were blended on ice for 1
min, five times at intervals of 2 min, using a homogeniser (Xenox MHX 68500). The homogenized
sample was centrifuged twice at 5000 g for 10 min at 4°C. After adding 150 mM NaCl to the
supernatant, the curli proteins were pelleted at 12.000 g for 10 min at 4°C. The curli pellet was then
re-suspended in 1 mL of buffer (10 mM tris(hydroxymethyl)aminomethane (Tris) pH 7.4, 150 mM
NaCl) and incubated on ice for 30 min before another centrifugation step was performed (16.000 g,

4°C, 10 min). This washing procedure was repeated three times. The pellet was re-suspended in 1 mL

“The curli and pEtN-cellulose fibres were obtained from Dr. Macarena Siri. The procedure is given here to provide a

complete description of the experimental protocol.
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of 10 mM Tris pH 7.4 and pelleted again (16.000 g, 4°C, 10 min). Then the pellet was re-suspended in
1 mL of 10 mM Tris pH 7.4 and centrifuged (17.000 g, 4°C, 10 min, 2x). The pellet was then re-
suspended in 1 mL 1% (v/v) sodium dodecyl sulfate (SDS) solution and left to incubate for 30 min.
Curli fibres were pelleted at 19.000 g for 15 min at 4°C and the resulting pellet was re-suspended in 1
mL of ultrapure water. Washing with water was repeated three times. The last resuspension was
performed in 0.1 mL ultrapure water with 0.02% sodium azide. The resulting suspension was stored

at 4°C.

4.4.3. ATR-FTIR measurements on purified pEtN-cellulose and curli fibres
Both curli and pEtN-cellulose fibres were analysed separately in the presence FeCls, AICI;, ZnCl,,

CaCl, and ultrapure water. For each fibre and each solution, 3 to 4 replicates were recorded. Only
one replicate was recorded for ultrapure water because the fibres were already characterized by Dr.
Siri in this condition. The stock solutions of the respective salts (220 mM) were diluted to a
concentration of 400 uM. The pH values of the resulting solutions were 3.0 (FeCls), 4.3 (AICl3), 5.9
(ZnCly) and 6.5 (CaCl,). The fibre suspensions were then added to the salt solutions or ultrapure
water in a 1:9 (v/v) ratio, yielding a final salt concentration of 360 uM. The suspensions (3 pL) was
then transferred onto the diamond crystal surface of the spectrophotometer and completely dried
under N, flow. Similarly to the measurements performed on biofilms, every measurement consisted
of 64 accumulations recorded at 25°C, between 7500 and 600 cm™ with a spectral resolution of
0.4cm™,

Both pEtN-cellulose and curli spectra were processed using the Kinetic software, running on MATLAB
(7.6 (R2008a), MathWorks) and developed by Dr. Erik Goormaghtigh®®>*** at the Structure and
Function of Membrane Biology Laboratory, Université Libre de Bruxelles, Brussels, Belgium. For curli
fibres, the water vapour and the amino acid side chains were subtracted. The spectra were baseline
corrected and normalised to a 0-1 range between 1700 and 1600 cm™ with respect to the maximum

at 1623 cm™ (4.4.1). Spectra were Fourier self-deconvoluted using a Lorentzian line shape (full width
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at half height (FWHH) = 20 cm™) and a Gaussian line shape (FWHH = 13.33 cm™) for the apodization,

1% The second derivative was

yielding K = 1.5 for the ratio of the Lorentzian and Gaussian FWHH
calculated from the deconvoluted spectra for band assignment. The bands identified from the
deconvoluted spectra and their second derivatives were used as the initial parameters for a least-
squares iterative curve fitting of the original IR band (K = 1) in the amide | region, using mixed

150

Gaussian/Lorentzian bands™". The peak positions of each identified individual component were

constrained within 2 cm™ of the initial value™®.

Table 3. FWHH input values in cm " and their physically plausible ranges expected for each type of secondary
150,154,155
structure™” "

Secondary structure component FWHH input (cm™)  Lower limit (cm™)  Upper limit (cm™)

High wavenumber

9 8 11
B-sheet Eg\r;pon?;;venumber
17 14 19
component
a-helix/ random 20 5 30
Turns 20 5 30

For pEtN-cellulose fibres, the water vapour was subtracted. The spectra were corrected for the
baseline and normalised to a 0-1 range over the plotted wavenumber, as previously mentioned for
biofilms (4.4.1). In particular when plotting the pEtN-cellulose spectra between 4000 and 600 cm™,

the contribution of the metal salt solutions were such that the maximum peak varied across spectra.
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5. Influence of metal cations on the viscoelastic properties
of Escherichia coli biofilms

5.1.Results
Biofilms that synthesize both curli and pEtN-cellulose (AR3110) showed the typical morphology with
three-dimensional wrinkles (Figure 5) ® In contrast, the strains producing only curli (W3110) or
pEtN-cellulose (AP329) showed different morphologies in agreement with the literature®®*. When
co-seeding W3110 and AP329, the biofilm morphology was similar to AR3110, suggesting that the

structural and mechanical properties of the matrix are at least partly restored in the co-seeded

biofilm.
. 1cm . . .
AR3110 W3110 AP329 W3110/AP329
co-seeded

Figure 5. Phenotypes of the different E. coli strains. AR3110 produces both curli fibres and pEtN-cellulose. W3110
expresses only curli, while AP329 synthesizes only pEtN-cellulose. The sample W3110/AP329 shows the biofilm
morphology obtained when W3110 and AP329 were co-seeded, i.e. when curli and pEtN-cellulose were produced by
different bacteria. (W3110/AP329 co-seeded photograph courtesy of Ricardo Ziege)

For measuring the viscoelastic properties, the biofilms were harvested and mildly homogenised by
stirring. It has previously been suggested that homogenized P. aeruginosa biofilms quickly regain
their viscoelastic properties when probed with shear rheology®®. Here, homogenisation was
necessary to mix the harvested biofilms with the metal cation solution of interest. As trivalent metal
ions, Al(Ill) and Fe(lll) were chosen for their known effects on the viscoelastic properties of B. subtilis
and P. aeruginosa biofilms. Fe(lll) has coordination numbers ranging from 4 to 6"°, Al(lll) has 4 and
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6, rarely 577, Zn(ll) and Ca(ll) were chosen as two bivalent cations with different preferred

coordination numbers (Zn(ll): 4-6, Ca(ll): 6-8)"%*%.
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5.1.1. Selection of measurement conditions and data range for rheology
analyses
Before probing the influence of bivalent and trivalent cations on the mechanical properties of the

different biofilms, the measurement conditions were first established using neat AR3110 biofilms. As
previously stated, the amplitude sweeps consisted of three cycles and the data presented were
extracted from the ascending amplitude sweep in the second cycle (Figure 6A). The plateau values
for both moduli were similar for the three cycles, with no systematic increase or decrease of the
values between the first and subsequent cycles (Annex Figure 23). This confirms that also
homogenized E. coli biofilms recover their stiffness within a few min after yielding, similarly to what
was observed for P. aeruginosa™.

To assess the validity of the strain amplitude sweeps, frequency sweeps were performed. The
storage and loss moduli showed a limited influence of the oscillation frequency over a range from 1
to 100 rad s (Figure 6B). Similar viscoelastic properties were observed for frequency sweeps with
increasing and decreasing frequency and for samples with and without the addition of 10% (v/w)
ultrapure water (Annex Figure 24). Consequently, in the amplitude sweeps, the plateau moduli G'y
and G"; were always obtained from the linear viscoelastic range (Figure 6A) at a frequency of
10 rad s™. Frequencies below 1 rad s™ were also tested but the sample showed a strong increase in
the values of both moduli, supposedly due to sample drying (Annex Figure 25).

The effect of drying was subsequently investigated in more detail. The focus was on the time
window of the second ascending amplitude sweep, from which the shear moduli were derived.
Although the sample appears to be continuously drying throughout the experiment, the drying
effect accounts for only 10% of the increase in G'y during this period (Figure 6C). Interestingly, the
values for both moduli (G'y = 30 kPa and G", = 3 kPa) are significantly lower than those measured
for the E. coli strain MG1655 (G'y = 100 kPa and G", = 20 kPa), which produces a matrix with a

different composition (curli and PGA, a linear polymer of B-1,6-N-acetyl-D-glucosamine)™’.
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Figure 6. Viscoelastic properties of AR3110 biofilms,
producing both matrix fibres. A: Strain amplitude sweep
(w =10 rad s’l) of a biofilm where no solution was
added. B: Frequency sweep (y = 0.02%, decreasing
frequency) of a biofilm where no solution was added. C:
Evolution of the storage and loss moduli, measured with
constant strain amplitude (y = 0.02%) and frequency (w
= 10 rad s’l). The biofilms were measured without any
solution added and the measurement was preceded by
one amplitude sweep (not shown). The time interval of
the analysed ascending amplitude sweep (7.5 min) is
labelled in grey.



5.1.2. Dispersion of the storage and loss moduli upon dilution
Adding metal ions in solution increases the water content of the biofilm-cation mixture. Changes in

biofilm properties are thus a combined effect from the addition of water and from the respective
metal ion. To disentangle these effects, possible changes in biofilm viscoelasticity in response to the
addition of 10% (v/w) ultrapure water were investigated first. In general, both storage and loss
moduli decreased by approximately one order of magnitude. For example, for AR3110 biofilms, the
storage modulus decreased from 30 to 4 kPa (Table 4) and the loss modulus was lowered from 3 to
0.4 kPa (Table 5). This indicates that the architecture of the biofilm matrix is partially destroyed
when the sample is stirred after the addition of water. This observation relates to results obtained in
P. aeruginosa biofilms where the addition of 5% (v/w) water led to a stiffness decrease of 40%>°. In
most cases, the addition of water also increased the dispersion (coefficient of variation) in both
moduli (Tables 4, 5, Annex Tables 17, 18). Considering the overall large dispersion between biofilm
samples grown on different days and as a result of stirring, the following measurements to probe the
effect of metal ions were performed with an internal control. Each metal containing sample was
compared to a sample containing 10% (v/w) ultrapure water that was grown in the same Petri dish

(Figure 7A; Materials and Methods).

Table 4. Median storage moduli (G',) before (-) and after (+) dilution of the biofilms with 10% (v/w) ultrapure water
(Nexpriments 2 3). The G'q values of all individual experiments are reported in Annex Table 17.

Matrix Curli Curli Curli Curli

- pEtN-cellulose pEtN-cellulose  pEtN-cellulose pEtN-cellulose
composition .

(mixed) (co-seeded)

Water - + - + - + - + - +
Median G' (Pa) 28267 4510 16533 1580 18200 576 31267 2673 51167 5617
Median absolute
deviation (MAD) 4567 863 6517 367 9043 385 4267 1250 3233 2717

(Pa)

Coefficient of
variation 16 19 39 23 50 67 14 47 6 48
(MAD/median) (%)
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Table 5. Median loss moduli (G") before (-) and after (+) dilution of the biofilms with 10% (v/w) ultrapure water
(Nexpriments 2 3). The G"' values of all individual experiments are reported in Annex Table 18.

Matrix Curli Curli Curli Curli

- pEtN-cellulose pEtN-cellulose  pEtN-cellulose pEtN-cellulose
composition .

(mixed) (co-seeded)

Water - + - + - + - + - +
Median G" (Pa) 3297 442 2047 170 2187 61 3413 225 6390 695
Median absolute
deviation (MAD) 1033 83 657 14 1007 46 277 91 160 149

(Pa)

Coefficient of
variation 31 19 32 8 46 75 8 40 3 21
(MAD/median) (%)

5.1.3. Effect of trivalent cations on the shear modulus of AR3110 biofilms
To address the great variability between samples grown on different Petri dishes, bacteria were

always seeded such that biofilm material sufficient for two samples could be obtained from the
same Petri dish. After one week of growth, the biofilms were scraped from the agar. Prior to the
rheology measurements, one sample was incubated with ultrapure water, while the other one was
incubated with the solution of interest. This allowed a systematic comparison dish per dish between
the samples incubated with a solution and the respective control samples incubated with water

(Figure 7A).
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Figure 7. Sample preparation and texture. A: Biofilms were inoculated on salt-free LB agar and grown for one week at
28°C. One Petri dish contained material for two rheology experiments. After harvesting two samples of the biofilm
material, the solution of interest was added to one sample and the sample was gently stirred with a pipette tip. Ultrapure
water was added to the second sample, which was then treated in the same way. Both samples were incubated for 45 min,
followed by the rheology measurements. B: Texture of AR3110 biofilm material after stirring with various solutions.
Biofilms stirred with ultrapure water (H,0), with the control solutions or solutions with bivalent metal cations appear more
liquid. In contrast, the samples containing trivalent metal ions show a more solid textural appearance.

Immediately following the addition of the metal ion solutions to AR3110 biofilms, the mixtures
showed a striking difference in their visual appearance (Figure 7B). The texture of biofilms containing
AICl; or FeCl; was similar to a granular paste. In contrast, the biofilm mixture appeared more fluid
and smooth when ZnCl, or CaCl, was added. No such difference between bivalent and trivalent
cations was observed for any other matrix composition. At this stage, the toxicity of one solution
representative for each texture (AICl; and ZnCl,) was assessed. Bacterial liquid cultures were
inoculated from a fragment of biofilm previously incubated with one of the two solutions and
compared to their equivalent incubated with ultrapure water. This was performed for the three
E. coli strains AR3110, W3110 and AP329. The resulting growth curves showed no effect of the
incubation with whichever solution (Figure 8). This suggests that the initial number of living bacteria
in the inoculated piece of biofilm was not affected by the addition of AlCl; or ZnCl,. Possible losses of
water during the incubation period were also measured by differential weighing and were always

found to be less than 5% of the biofilm wet mass (Table 7). In practical terms, the absolute values of
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water loss are close to the limit of detection of the balance. In addition, since the metal cation
solutions have low pH (Table 2), the buffering capacity of the biofilms was estimated with pH-paper.
After incubation with different phosphate buffers (pH = 2, 7 or 14), the pH of all resulting mixtures

remained in the range of 7 1 irrespective of the buffer added (Table 6).
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Figure 8. Control experiment to assess metal cation toxicity. E. coli liquid cultures were inoculated in LB medium from a
fragment of biofilm that was incubated in ultrapure water or 10% (w/v) FeCl; or ZnCl,. The cell concentrations in
suspension are normalised to the mass of biofilm inoculated, which is assumed proportional to the initial number of cells
inoculated.
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Table 6. Biofilm buffering capacity after 10% (w/v) homogenization with three buffer solutions (pH = 2, 7 and 14) for
three E. coli strains (AR3110, W3110 and AP329). The pH of the mixture was measured with pH-paper directly and after
45 min of incubation.

Curli Curli
Matrix composition pEtN-cellulose pEtN-cellulose
Time (min) 0 45 0 45 0 45
Buffer pH=2 7 7 6-7 7 6.5-7 7
Buffer pH=7 7-8 7-8 7 7 7 7
Buffer pH=14 8 7-8 7-8 7-8 7.5 7

Table 7. Biofilm relative mass loss through evaporation after 45 min of incubation in a Petri dish sealed with Parafilm. In
bold: mass increase most likely due to measurement uncertainty.

Solution Am (%) Solution Am (%) Solution Am (%) Solution Am (%)
2.80 2.77 -2.14 1.75
H,O0 1.51 FeCl, 1.27 ZnCl, 0.70 NacCl 0.83
2.52 4.22 2.03 3.59
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Figure 9. Effect of bivalent and trivalent metal ions on E. coli biofilms with different matrix compositions. A: Storage
moduli. B: Loss moduli. All samples were stirred with the respective metal cation or control solution, adding 10% (v/w) of
the respective solution. The box plots highlight the median of >4 independent experiments (see Annex Tables 19-28 for all
values). The whiskers represent 1.5 times the interquartile range (IQR).

To quantify the observed texture changes, G'y; and G", were determined for all different biofilm
samples incubated with the different metal ion solutions or the control solutions. Consistent with
the changes in texture, the moduli also differed when the AR3110 biofilms were mixed with bivalent

or trivalent metal cations. The addition of AICI; or FeCl; increased the storage and loss moduli for
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AR3110 (Figure 9). Neither the bivalent metal ions caused an increase in either modulus nor did the

control solutions that mimicked the pH value or osmolality of the FeCl; solution (Figure 9).

Table 8. Statistical significance between the effect of a metal salt solution on the storage modulus (G') and the effect of
water. Shown are the p-values calculated from a One-Sample Wilcoxon Signed Rank Test (p = 0) assessing the effect of
one solution on G' for each matrix composition. Hy: the variation of G' does not differ significantly from zero. p-values
inferior to 0.05 in bold, in which case an arrow indicates whether the modulus increases (1) or decreases ().

Matrix Curli Curli Curli Curli
composition  pEtN-cellulose pEtN-cellulose pEtN-cellulose pEtN-cellulose
(mixed) (co-seeded)

AlCl; ‘M 0.001 0.094 0.844 0.563 0.063
FeCl; ™ 0.031 J 0.031 0.063 0.063 0.156
ZnCl, 0.063 J 0.031 J 0.031 0.063 { 0.031
CaCl, 0.563 J 0.031 J 0.031 J 0.031 0.063
Nacl 0.063

HCl 0.313

Table 9. Statistical significance between the effect of a solution on the loss modulus (G") and the effect of water. Shown
are the p-values calculated from a One-Sample Wilcoxon Signed Rank Tests (i = 0) assessing the effect of one solution
on G" for each matrix composition. H,: the variation of G" does not differ significantly from zero. p-values inferior to
0.05 in bold, in which case an arrow indicates whether the modulus increases (1) or decreases (/).

Matrix Curli Curli Curli Curli
composition  pEtN-cellulose pEtN-cellulose pEtN-cellulose pEtN-cellulose
(mixed) (co-seeded)

AICl; 1 0.001 0.563 0.447 0.563 ™ 0.031
FeCl3 ™ 0.031 J 0.031 0.188 0.063 0.313
ZnCl, 0.563 J 0.031 0.063 0.063 0.563
CaCl, 1 0.063 J 0.031 J 0.031 0.219
NacCl 0.063

HCI 0.188
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Although statistically significant (Tables 8 and 9), the increase in stiffness (G'y) was smaller than what
was observed for other bacteria species. For example, Fe(lll) and Al(lll) lead to a 100-fold increase of
the storage modulus of P. aeruginosa biofilms®. Moreover, a range of bivalent and trivalent metal
cations increased the storage modulus of B. subtilis biofilms by several orders of magnitude. Such
discrepancies in the magnitude of the observed stiffening might be due to the differences in sample
preparation and in matrix composition. Indeed, in the case of P. aeruginosa, only 5% (v/w) solution
was added’®, i.e. less than in our case (10%). In B. subtilis, the final metal cation concentration in the
biofilm was 0.25 M*’, whereas it was 0.02 M in our case. Moreover, the biofilm matrix of the

%0 and the

P. aeruginosa PAO1 strain contains at least three polysaccharides (alginate, Psl, and Pel)
B. subtilis B-1 strain produces mainly y-polyglutamate, which all differ from the curli and pEtN-
cellulose found in the E. coli biofilm matrix.

The effect induced by Fe(lll) also depends on the matrix composition (Figure 9). While the ferric salt
caused a stiffening of the biofilm sample containing curli and pEtN-cellulose fibres (+50% in G'y), it
caused a softening (-50% in G'g) for the matrix composed of curli fibres only and no statistically
significant effect for the matrix composed of pEtN-cellulose. The effect remained unclear for the co-
seeded and mixed biofilms. The bivalent ions caused a significant decrease (>50%) in G'y for the
matrices containing only one type of fibre (Figure 9) while no such effect was observed for the
AR3110 strain producing both fibres. One possible explanation for the decrease in stiffness observed
for most matrix-metal combinations is a non-specific osmotic effect caused by the addition of the
ionic solution. The Fe(lll) - and Al(lll)-induced net stiffening of the AR3110 matrix overrules this

softening observed in all other samples. This suggests that the curli and pEtN cellulose fibres co-

produced by AR3110 bacteria form a composite material with a built-in response to trivalent cations.

5.2.Discussion
In this work, the influence of metal cations on the properties of biofilms formed by different E. coli

strains that produce pEtN-cellulose and/or curli fibres was analysed. Using shear rheology, it was
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shown that the viscoelastic properties of E. coli biofilms vary under the influence of metal cations.
While the shear modulus generally decreased in the presence of metal salt solutions, it specifically
increased when trivalent cations were added to a biofilm made from bacteria that co-produced both
fibres. Metal cations trigger the formation of biofilms in E. asburiae, Vitreoscilla sp. and A. Iwoffii*’.
Moreover, biofilms produced by B. subtilis, Pseudomonas putida and Shewanella oneidensis allow

%1 In E. coli biofilms, the greatest biosorption performance was

for the biosorption of metal ions
observed for Fe(lll) when compared to Cd(ll), Ni(ll) or Cr(VI) but biofilm mechanical properties were
not investigated®. In other species, changes in mechanical biofilm properties were observed®,
revealing that the same ion can have opposite effects in different bacterial species. While Cu(ll)

reinforces B. subtilis B-1 biofilms, it weakens those produced by P. aeruginosa®®

. This suggests a
specific interplay between matrix composition and the type of ion. In a strain of B. subtilis producing
a multi-component matrix, however, the effect of metal cations on the biofilm viscoelastic
properties did not seem to be dictated by any specific matrix component®.

To interpret the present results, a molecular understanding of the possible interaction of trivalent
cations with the matrix fibres is required. No data is available concerning the interaction of Al(lll) or
Fe(lll) with pEtN-cellulose. Yet, it was demonstrated that phosphorylation of cellulose nanofibers

3 Most interestingly, phosphorylated

significantly enhances their adsorption capacity of Fe(lll) ions
bacterial cellulose has a much stronger affinity for Fe(lll) ions than for Zn(ll), in particular in acidic
solutions'®®. It was also shown that Fe(lll) ions exhibit tetrahedral coordination when bound to
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hydroxyethyl cellulose or carboxymethyl cellulose™. Tetrahedral coordination is the second most

common geometry for Fe(lll) after octahedral, but it is also the most common coordination

¢ This may suggest that the overall charge is more important than the

geometry for Zn(ll)
coordination geometry. This charge specificity could be explained by counter ion condensation, a
phenomenon in which ions condense along a polyionic chain of opposite charge, reducing the charge

density along the chain. This can in turn lead to changes in the conformation of the chains, their

interactions with other polymers, and therefore affect the viscoelastic properties of the biofilm?’.

62



lon condensation occurs when Manning's criterion is satisfied (see 12.1.6). According to our
calculations, counter ion condensation can take place along the pEtN-cellulose chain both in the
presence of bivalent or trivalent cations.

Equally little information is available about the interaction between metal cations and amyloid curli

fibres. It was demonstrated that curli fibres sequester Hg(ll) ions, suggesting a possible general

140

ability to bind metal cations™. More broadly, the interaction between metal cations and other

amyloid-forming structures was widely investigated. This includes AP peptides, which are the main
components of amyloid plaques responsible for Alzheimer's disease. While Fe(lll), Al(Ill) and Zn(Il)
co-localise with AP in senile plaques, their influence on the in vitro formation of amyloid fibrils

differs. Zn(ll) inhibits the formation of B-sheets while both trivalent cations trigger or stabilise

135

them™. 3D-models have shown that Al(lll) is almost always hexacoordinated and interacts with
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aspartate and glutamate residues in AB-complexes ™. Zn(ll) coordinates four to six ligands in AB-

complexes, including three histidines as well as one aspartate and/or glutamate residue™’. Although

there is a lack of structural studies on Fe(lll)-coordination to AR, ferric ions bind histidine more
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efficiently than Zn(ll)™". A 3D-structure prediction of the major curlin subunit CsgA (AlphaFold;

Figure 10) reveals close proximity of several surface-exposed histidine, glutamate and aspartate

residues, suggesting that several residues are available for metal coordination™®**®.
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N
Histidine
Aspartic acid
Glutamic acid

Figure 10. Tertiary structure of CsgA, the major curlin subunit, as predicted by AlphaFold (top and bottom view). Amino
acids known to be involved in metal coordination are highlighted as follows: orange - histidine, purple - aspartic acid, blue -
glutamic acid.

The obtained results indicate that the stiffening effect observed in the main strain producing both
pEtN-cellulose and curli amyloid fibres in presence of trivalent cations does not take place in biofilms
resulting from the co-seeding of the two mutant strains, each producing one fibre (Figure 9, Table 8
and 9). This experimental design is based on the assumption that the production yield of the fibres
would be similar to what is observed in the strain producing both fibres. Combining them in equal
proportions would then ultimately yield the original ratio between the two fibres, i.e. 75% curli and
25% pEtN-ceIIquse”, although with a lower total concentration. However, either mutant strain
could potentially dedicate more energy to the production of its unique fibre than is dedicated in the
strain producing both. Therefore, investigating biofilms obtained from mixed bacterial suspensions
of the two mutants with other ratios than 1:1 would be interesting and may eventually result in a
better reconstitution of the original matrix composition. However, a spatial segregation of the two
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bacterial populations in the biofilm is also possible. This phenomenon was observed in B. subtilis™,

as well as in biofilms resulting from two competing E. coli strains'®’. In such a scenario, the two fibres
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would not co-localise and therefore only interact at the interface between clusters of the different
bacteria populations. Intriguingly, co-seeding the two mutant strains as performed in this work
partially restores the phenotype of the strain producing both fibres (Figure 5). Further work will be
needed to clarify the determinants of strain segregation and/or matrix fibres interactions in biofilms
grown from mixed bacterial suspensions.

While the obtained results point towards a determining role of the matrix, they do not exclude a
possible effect of the metal ions on the bacteria themselves. Since metal ions trigger biofilm
formation in various species®’, matrix production may be regulated by the presence of metal ions.
However, considering the timescale of the performed experiments, altered expression of matrix
components is considered to play a minor role. Bacteria may further respond to reduce a possible
toxic effect of heavy metal ions. For planktonic E. coli cells, it was shown that Fe(lll) and Al(lll) in a

concentration of 0.01 mM reduce the number of colony forming units by 50%'*

. While it appears
likely that biofilms provide protection against heavy metal toxicity, as demonstrated for P.
aeruginosa™® and suggested in the shown control experiment (Figure 8), it cannot be fully neglected
that these cations also have an effect on E. coli cells in biofilms. It is reasonable to assume, however,
that the viscoelastic biofilm properties are not significantly altered by the appearance of non-viable
bacteria as bacterial cells can most likely be considered as particles in a composite material. Most
importantly, toxicity would affect all strains equally while a clear difference is observed between
strains producing different matrix fibres. Similar to the condensation discussed at the fibre scale,
aggregation of the negatively charged bacteria via neutralisation by the metal cations is also to
consider. In E. coli suspensions monitored with dynamic light scattering, 10 uM Fe(lll) or Al(lll)
showed little to no effect on cell size distribution. Thus, if they caused aggregation, the formed
aggregates are not big enough to be distinguished from individual cells**. However, the metal ion

concentrations that were used in the investigated biofilm samples were much higher (20 mM).

Moreover, the cell concentrations in suspension and in biofilms are not necessarily comparable. Cell
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aggregation by trivalent cations can therefore not be excluded. Yet, similar to the effect on cell
viability, cell aggregation - if taking place - would not distinguish between matrix compositions.

Osmolarity may also play a role as E. coli K-12 were shown to rapidly adapt (within a few min) to
increases in osmolarity by uptake of potassium ions. In doing so, they maintain an internal osmotic
pressure superior to that of the environment, which is necessary for growth'®. After 45 min of
incubation however, osmolarity-triggered bacteria shrinking is no longer expected to impact biofilm
mechanics. While bacteria growth could also be affected by changes in osmolarity, this should not
play a role within the time scale of our experiments. Considering the whole biofilms as complex
hydrogels, they could potentially experience swelling upon exposure to higher osmotic pressures.
This would in turn affect their viscoelastic properties since their modulus of elasticity is negatively
impacted by swelling'”°. In theory, such swelling could partially explain the non-specific decrease in
stiffness observed upon exposure to most solutions (Figure 9). However, the amplitude of the
decrease (as far as -50% in G'y) is hardly compatible with the little amount of water added (10% in
mass, i.e. about 10% in volume). The excess of water observed around the material after mixing with
bivalent ion solutions but not with trivalent ones, indicates that an equilibrium in the swelling is not
reached in all cases (Figure 7B). Together with the greater complexity of the biofilm material, these
swelling differences make the impact of osmotic pressure changes on biofilm stiffness delicate to

assess.
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6. Contribution of the biofilm macroscopic architecture to its
viscoelastic properties

6.1.Results

6.1.1. Microindentation
In order to investigate the contribution of each matrix component to the overall stiffness of the

biofilm, various E. coli strains with different matrix compositions were cultured. AR3110 produces
both pEtN-cellulose and curli amyloid fibres and yields biofilms with a skin-like texture'’*. W3110
produces only curli and yields biofilms with a paste-like texture while AP329 produces only type

71 These two strains were co-seeded in a

pEtN-cellulose and is characterised by a glue-like texture
1:1 ratio in an attempt to restore the phenotype of AR3110. Indeed, the skin-like texture as well as
some characteristics of the phenotype (e.g. radial wrinkles) were partially recovered. AP470
produces both curli and non-modified cellulose and results in a paste-like texture. AP472 produces
only non-modified cellulose and AR198 produces neither fibre. These last two strains, both lacking
curli, yield biofilms with a glue-like texture®’.

A possible correlation between those textures, presumably resulting from the matrix composition
and the viscoelastic properties of the biofilm material was investigated by means of
microindentation. A 50 um diamond indenter tip was used to ensure a contact area large enough to
cope with the heterogeneities of the biofilm. The indented area encompasses tens of bacteria,
embedded in their matrix'’". Data was already recorded before the indenter made contact with the
biofilm surface (displacement < -100 um) where an attractive force between the biofilm and the
indenter tip was detected. Upon contact, the biofilm was indented. To estimate the elastic
properties of the biofilms, only the load-displacement curves with a displacement from 7 to 30 um
were considered. The indentation curves were fitted with a Hertz model to calculate the reduced

Young's modulus (see Materials and Methods). Moreover, adhesion energies were quantified as the

area under the unloading part of the load-displacement curves.
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The reduced Young's moduli obtained from the indentation curves (Figure 11A) are highest for
AR3110 (~400 kPa) and W3110 (~360 kPa) (Figure 11B), i.e. the strains that produce both curli and
pEtN-cellulose and only curli, respectively. Interestingly, for the biofilms co-seeded from W3110 and
AP329 bacterial cultures, the stiffness in compression is reduced to almost half of those values (~200
kPa). For the other strains, all lacking curli amyloid fibres, the reduced Young's moduli are one order
of magnitude lower (~10 kPa).

Low adhesion energies are measured for biofilms producing curli amyloid fibres, i.e. 0.33 and
0.51 N-um for AR3110 and W3110, respectively (Figure 11C). When curli are produced by only half of
the bacteria (co-seeded), slightly higher energies of 0.61 N-um are detected. Even higher adhesion
energies are detected for all strains lacking curli. For the pEtN-cellulose and cellulose-only strains,
the adhesion energies are 0.87 and 1.93 N-um, respectively. For the strain lacking both fibres, an
adhesion energy of 1.23 N-um is detected. Lastly, the strain producing both non-modified cellulose

and curli has an adhesion energy of 9.6 N-um.
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6.1.2. Rheology
Another common method applied in mechanical studies of biofilms is shear rheology. While the

biofilms were grown in the same conditions as for the microindentation experiments, the sample
preparation and the loading geometry are fundamentally different. To perform bulk rheology, a few
biofilms grown in the same Petri dish were first scraped off the surface and then mixed together to
have enough material to fill the 250 um gap between the 2 plates. Using biofilms homogenized
without the addition of any solution, shear amplitude sweeps were performed to determine the
mechanical response of the different biofilms to an applied shear strain. The plateau values of the
storage (G'y) and the loss (G"y) moduli were extracted from these sweeps. When comparing the
different matrix compositions (Figures 12A and 12B), the first observation is that the trend is
identical for both moduli. Importantly, the differences between matrix compositions are at most a
factor 2, unlike the differences observed with microindentation that spanned over more than one
order of magnitude (Figure 11B). This can be attributed to the partial destruction of the matrix
architecture during sample preparation.

In addition to the storage and loss moduli, also the the yield stress (ty) was determined from the
obtained amplitude sweeps. The yield stress represents the limit of the linear viscoelastic range, i.e.
the level of stress at which irreversible plastic deformation occurs across the sample. It is also the
product of the corresponding yield strain (yy) and the shear modulus. It was observed that biofilms
producing only curli yield at a lower stress than their counterparts, where curli are associated with
(pEtN-) cellulose (Figure 12C). This suggests that curli fibres are more brittle. Interestingly, the
biofilms containing both fibres yield under the same stress as those lacking both fibres (Figure 12C).
Moreover, biofilms producing only non-modified cellulose resist yielding better than any other
matrix composition. The flow stress (t;) corresponds to the level of stress where the viscous
component begins to dominate over the elastic component (G'y < G"y), i.e. where more energy is
irreversibly dissipated than reversibly stored and the material predominantly behaves like a fluid.

Similar to the yield stress, the flow stress corresponds to the flow strain (yg) multiplied by the shear

70



modulus. It should be noted that biofilms containing only curli or curli in association with non-
modified cellulose start to flow at a lower stress than biofilms with other matrix compositions
(Figure 12D). In other words, the association of curli with pEtN-cellulose brings the yield stress to a
similar level as for biofilms that contain only cellulose (modified or not) or even neither of the two

main components (Figure 12D).
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Figure 12. Rheology of E. coli biofilms with different matrix compositions. Data in the four bar plots were extracted from
the same shear strain amplitude sweeps (w = 10 rad s y =0.01 to 100%, *: p-value=0.1). A: plateau value of the storage
modulus. B: plateau value of the loss modulus. C: yield stress. D: flow stress. The biofilms were measured without any
solution added. The error bars represent the standard error of the median computed by bootstrapping.
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Table 10. Storage modulus: p-values of the two samples Wilcoxon signed rank test.

AR3110 w3110 Co-seeded AP470 AP329 AP472 AR198
AR3110 1 0.2 0.7 1 0.4 0.2 1
w3110 1 0.2 0.4 1 0.1 0.2
Co-seeded 1 1 0.2 1 0.4
AP470 1 0.4 0.7 1
AP329 1 0.1 0.2
AP472 1 0.1
AR198 !

Table 11. Loss modulus: p-values of the two samples Wilcoxon signed rank test.

AR3110 w3110 Co-seeded AP470 AP329 AP472 AR198
AR3110 1 0.4 0.2 1 0.4 0.1 1
W3110 1 0.2 0.4 1 0.1 0.7
Co-seeded 1 0.7 0.1 1 0.4
AP470 1 0.4 0.7 1
AP329 1 0.1 0.2
AP472 1 0.1
AR198 1

Table 12. Yield stress: p-values of the two samples Wilcoxon signed rank test.

AR3110 w3110 Co-seeded AP470 AP329 AP472 AR198
AR3110 1 0.1 0.4 0.7 0.7 0.1 0.4
W3110 1 0.1 0.1 0.2 0.1 0.1
Co-seeded 1 1 0.2 0.1 1
AP470 1 0.4 0.2 1
AP329 1 0.1 0.2
AP472 1 0.1
AR198 1
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Table 13. Flow point: p-values of the two samples Wilcoxon signed rank test.

AR3110 W3110 Co-seeded AP470 AP329 AP472 AR198
AR3110 1 0.1 0.7 0.1 0.4 1 0.4
W3110 1 0.1 1 0.1 0.1 0.2
Co-seeded 1 0.1 1 1 0.7
AP470 1 0.1 0.1 0.1
AP329 1 0.7 0.4
AP472 1 0.7
AR198 !

6.2.Discussion

6.2.1. Microindentation
As-grown biofilms, produced by different strains of E. coli with one particular matrix composition,

were probed with microindentation. Biofilm stiffness appeared to be mainly determined by the
presence of curli fibres rather than pEtN-cellulose. The indentation experiments also provided
information concerning the adhesion of the biofilm to the microindenter tip. Adhesion primarily
seems to be determined by the cellulose component and varies by up to a factor 4 between
different matrix compositions. These results correspond to observations made at the molecular level
by Tyrikos-Ergas et al.'’>. In order to study the interaction between curli and pEtN-cellulose, R5, a
representative amylogenic peptide of curli was mixed with various hexosaccharides containing six
glucoses and differing by the sequence of substitution of those glucoses by the pEtN-group on their
carbon 6. The R amylogenic peptides then assembled in fibres, which were investigated with AFM*"%.
The resulting Young's modulus was around 10 MPa, a similar value to what was already observed for

CsgA networks'”?

, and was not impacted by the glucose substitution sequence. However, the
measured adhesion varied up to five-fold depending on the substitution sequence of the glucose
residues'’’.

To better assess the role of both fibres, it is necessary to consider the architecture of the biofilm at a

cellular level. The most elaborated architecture is observed for the strain producing both fibres
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(AR3110). In the outermost zone of the biofilm (Figure 2B, chapter 2.2.3), the bacteria are encased in

pEtN-cellulose-curli composite matrix*®>%>3>*

. In addition, the organisation of the fibres also differs
between the two mutant strains. In the strain producing only cellulose, filaments of cellulose are
observed, parallel to each other and perpendicular to the wrinkle line>*. When only curli are present,
the biofilm top layer is composed of small cells tightly surrounded in a "honeycomb-like network" of
curli fibres®. From an architectural point of view, it may be hypothesised that curli fibres constitute
a much denser network, both alone (W3110) and in the composite matrix formed with pEtN-
cellulose (AR3110). This, in turn, correlates with their major contribution to the overall biofilm

stiffness as observed with microindentation and also to the curli:pEtN-cellulose (3:1) mass ratio

reported in the literature’.

6.2.2. Rheology

When comparing the results obtained with rheology to those from microindentation, the most
striking observation is the levelling of both storage and loss moduli. Young’s moduli derived from the
indentation curves spanned over more than one order of magnitude, mainly differing between
matrices containing curli fibres or not. In contrast, the storage and loss moduli derived from
amplitude sweeps vary by maximally a factor 2 and notably follow the same relative trend between
different matrix compositions, i.e. both storage and loss moduli bar plots have the same shape. At
low strains, the storage modulus exceeds the loss modulus and biofilms can be considered as
viscoelastic solids. The storage modulus represents the deformation energy that is reversibly stored
in the matrix network while the loss modulus represents the portion of deformation energy that is
irreversibly lost due to viscous friction and is eventually converted to heat. In other words, the
amount of energy stored and dissipated in the biofilm does not depend on the nature of the fibres
composing the matrix.

It appears likely that the very similar properties of all biofilms originate from the partial destruction

of the biofilm architecture during sample preparation for rheology. A dependence of the viscoelastic
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properties on biofilm matrix architecture was reported for other bacterial species. Rheology
experiments were conducted on B. subtilis NCIB 3610 biofilms under three different conditions: 1)
grown on agar, scraped and transferred onto the rheometer; 2) grown in flow directly on the

7% For the

rheometer and 3) grown as a pellicle at the air-liquid interface on an interfacial rheometer
third condition, apparent (storage) moduli were recalculated from the interfacial moduli after a
plateau value was reached during growth. Storage moduli were similar (~1000 Pa) for the pellicle
and the biofilms grown in flow. However, the storage moduli were one order of magnitude lower
(100 Pa) for the biofilms scraped from the agar surface. This was the case despite the significantly
higher dry mass to wet mass ratio (18.3% on agar, 8.4% for the pellicle, and 4.8% in flow)"*. This
clearly suggests that scraping negatively impacts the stiffness of the biofilm material, most likely via
partial destruction of the matrix architecture. An even more significant impact of the
homogenization step that follows scraping can thus be expected. Since the differences observed via
microindentation correlated with the presence of curli, it appears likely that the loss of these
differences originates from the (partial) destruction of curli fibres. Curli fibres have long been
described as brittle, which contributes to the observation that the biofilm top-layer breaks into
concentric rings in the strain producing only curli (W3110).

A two samples Wilcoxon signed rank test was performed between different matrix compositions to
compare their respective moduli (Tables 10-13). The lowest p-values are 0.1, which means 10%
chance of wrongly considering a difference significant while it is not. Taking this into account, the
biofilms producing a matrix containing only non-modified cellulose are significantly stiffer than the
matrix producing only curli (Figure 12A). This would at first glance appear surprising when compared
to the results of the microindentation measurements. Yet, this could also be explained following the
same hypothesis that mostly curli fibres suffer from the sample preparation.

So far it was assumed that the observed levelling between the viscoelastic properties of different
biofilms was due to a partial destruction of the matrix during sample preparation. However, this is

not necessarily the case in the literature for bulk rheology experiments conducted on biofilms
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produced by other bacterial species with different matrix compositions. Indeed, a clear dependence
of the viscoelastic properties on matrix composition was reported in rheological experiments
conducted on B. subtilis NCIB 3610 (matrix composition: TasA amyloid fibre, BslA hydrophobin,
exopolysaccharide). These experiments showed that biofilm elasticity dropped from 1000 Pa for the
wildtype to less than 100 Pa in a mutant strain lacking TasA. Similarly, the elasticity of biofilms
lacking BslA dropped to 10 Pa, while it was reduced to lower than 1 Pa for the mutant strain lacking
the exopolysaccharide”. However, rheology measurements conducted on the same strain reported
a storage modulus drop from 600 to 300 Pa in a mutant lacking TasA, no significant change in
stiffness for a mutant lacking BslA and a drop to 400 Pa in a mutant lacking the exopolysaccharide. In
contrast, the same experiment conducted on another B. subtilis strain B-1 (producing mainly
gamma-polyglutamate) yielded a storage modulus of 60 Pa®*®. While these results underline the
contribution of the matrix composition to the mechanical properties of the biofilm, they also
demonstrate that different experimental conditions can result in different interpretations of those
contributions. In P. aeruginosa (matrix composition: CdrA protein, alginate, Psl, Pel polysaccharides),
it was observed that increasing Psl production (but not alginate), slightly increases the storage
modulus, while increasing alginate production (but not Psl) reduces the storage modulus by more
than one order of magnitude. If Psl and alginate production increases simultaneously, the storage
modulus decreases only by a factor 1.7. Moreover, the Psl-induced stiffening requires the presence
of CdrA, suggesting cross-linking between these components®. In other words, the interactions
between different fibres are as crucial to the mechanical properties of the biofilms as their individual
contributions.

. . 2
The above-mentioned studies®3**

conducted with B. subtilis and P. aeruginosa biofilms suggest
that differences in viscoelastic properties arising from matrix composition are at least partially
preserved after scraping and can be measured by rheology, which contrasts with our own results.

Yet, while biofilms were scraped and directly transferred onto the rheometer in these studies, the

protocol used here included one more step of homogenization. This extra step, originally designed to
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mimic the mixing with metal salt solution (see chapter 4.2.1), is prone to induce further
deterioration of the matrix architecture. Yet, while the nature of the fibres already varies between
strains of the same species, it varies even more between different species. Therefore, if a given
treatment leads to the destruction of curli fibres in E. coli, it should not necessarily have a similar
effect in B. subtilis or P.aeruginosa. Finally, to add another level of complexity, the relative
contributions of matrix components to biofilm stiffness also depend on the growth conditions.
Charlton et al. have recently shown in B. subtilis NCIB 3610, that biofilms grown on 0.5% agar are the
stiffest for a full matrix composition. On the other hand, when grown on 1.5% agar, mutants lacking
either BslA or the exopolysaccharide become stiffer than the wildtype'”.

Rheology experiments also provided values for the yield and the flow stresses. The yield stress
corresponds to the level of stress at which irreversible plastic deformation occurs across the sample.
The same statistical test was performed and the lowest p-values were again 0.1. Considering this
level of certainty, it was observed that curli significantly reduce the yield stress. This confirms our
previous hypothesis regarding the brittleness of curli fibres. In addition, biofilms producing only non-
modified cellulose resist yielding best. This could potentially mean that they preserved a slightly
higher storage modulus because they better resist stress. Opposite contributions from two different
fibres to the yield stress were also evidenced in the previously mentioned experiments on P.
aeruginosa. Overexpression of Pel and/or Psl increased the yield stress while increased production
of alginate decreased it*. The flow stress corresponds to the level of stress beyond which the biofilm
predominantly behaves like a fluid. Biofilms containing curli only or curli in association with non-
modified cellulose flow at significantly lower stress (p=0.1) than other matrix compositions. This is
corrected only via association with pEtN-cellulose, which brings back the flow stress at similar levels
to those observed in biofilms producing cellulose only or in biofilms lacking both fibres. In practice,
this could mean that curli fragility makes the biofilm entirely rupture at lower stress, causing it to
flow. Only the specific association with pEtN-cellulose restores the composite material behaviour, in

agreement with what is observed at the phenotypic level. Indeed, the complex 3D architecture of
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AR3110 (curli + pEtN-cellulose) is not observed for AP470 (curli + cellulose) that is visually more
similar to W3110 (curli only). While this is certainly not a causal relation, since the macroscopic
architecture was destroyed, both the flow stress resistance and the phenotype could result from a
common cause, i.e. the formation of a composite material specific to the pEtN-modification of the
cellulose. In other words, pEtN-cellulose could have provided the bacterial colony with a competitive
advantage by increasing its resistance to flow stress. This is coherent with observations that pEtN-
cellulose enhances E. coli curli-mediated adhesion to bladder cells and acts as a mortar under high-
shear conditions, which are encountered in the bladder environment'’®. However, the putative
benefit conferred by an increased flow point remains quite speculative because the same relative
behaviour between matrix compositions was not observed for yielding, which in practice necessarily
precedes flowing. The question remains open and could possibly be answered simply by increasing

the sample size, which was rather low (n=3), thereby leading to some uncertainty.
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7. Molecular interactions between metal cations and the biofilm
maftrix

7.1.Results

The rheology experiments introduced in the first result chapter (5.1.3) have shown that stiffening
occurred specifically in the presence of trivalent metal cations and only in biofilms formed by the
strain producing both pEtN-cellulose and curli amyloid fibres. This can possibly be explained by three
different phenomena: 1) trivalent cations act as cross-links between both matrix fibres, in which case
specific functional groups would likely be involved; 2) ion condensation could take place along the
fibres, influencing their packing and thereby the overall mechanics of the biofilm material; and
finally 3) the negatively charged bacteria themselves could be impacted by the presence of the
positively charged ions. To clarify the contribution of these phenomena, the cation-biofilm, and later

the cation-fibre interactions, were investigated by means of ATR-FTIR.

7.1.1. ATR-FTIR spectra of biofilms
In a first step, biofilms produced by the three different strains AR3110, W3110 and AP329 were
investigated in the absence of any salt solution. E. coli AR3110 produces both pEtN-cellulose and
curli amyloid fibres, W3110 produces only curli and AP329 only pEtN-cellulose. To replicate the
sample preparation used for rheology, the biofilm samples were mixed with 10% (v/w) ultrapure
water, as was later done with the salt solutions. In addition, biofilms were partially dried for 3 min

under nitrogen flow immediately preceding the measurements (see Materials and Methods).
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ATR-FTIR spectra of AR3110, W3110 and AP329 biofilms
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Figure 13. ATR-FTIR spectra of biofilms formed by the E. coli strains AR3110, W3110 and AP329 after homogenization
with 10% (v/w) ultrapure water. Peaks were attributed to functional groups based on the literature (see Table 14 for more
information). v: stretching of the respective bonds.

The most striking observation is that the spectra are almost identical for these three strains, despite
the different matrix compositions. The spectra are quite similar to E. coli biofilm spectra measured
by Quintelas et al. (Figure 4)*, i.e. all peaks analysed in this reference are present. The broad peak
around 3280 cm™ corresponds to the NH groups of proteins and the OH groups of glucose®*”’. The

two peaks at 2960 and 2925 cm™ can be attributed to the asymmetric stretches of CH; and CH, in

86,178

fatty acids . The third peak at 2852 cm™ corresponds to the symmetric stretch of CH, in fatty

acids'’®. The two peaks at 1640 and 1545 cm™ represent the amide | band of B-sheets and the amide

Il band in proteins'’®. The peaks between 1230 cm™ and around 1075 cm™ can be attributed to

86,178,179

carboxyl and phosphate groups . Finally, the double peak in the region around 823 cm™ can

86,178

indicate aromatic CH . The peak characteristic wavenumbers gathered from the literature are

summarised in Table 14. Although the broad peak at 3280 cm™, the fatty acid peaks at 2960 and
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2920 cm™ and the ratio between the two aromatic peaks around 823 cm™ all seem to vary according
to the matrix composition in Figure 13, this is not consistently the case between replicates, as can be

seen from Figure 26 in the annex.

Table 14. Possible assighment of the peaks observed in the FTIR spectra of E. coli biofilms.

Wavenumber (cm'l) Functional group Biomolecule Ref.
3500-3200 v(NH), bonded —OH Proteins, carbohydrates 20
2957 v(CH5) asymmetric Fatty acids 178
2919 v(CH,) asymmetric Fatty acids B
2852 v(CH,) symmetric Fatty acids 178
~1637 Amide | of B-sheets Proteins B
1548 Amide Il Proteins 178
1300-1067 Carboxyl and phosphate A7
1240 v(P=0) asymmetric Phospholipids 178
1085 v(P=0) symmetric DNA, RNA, phospholipids 78
900-800 Aromatic C=C, C=N, C-H Nucleotides 178
Aromatic v(C-H) 86

v: stretching

7.1.2. ATR-FTIR spectroscopy on biofilms mixed with metal ions
Having established that biofilms produced by the three strains AR3110, W3110 and AP329 are
undistinguishable based on their FTIR spectra, the next step was to incubate these biofilms with the
same solutions used for rheology (AICI;, FeCls;, ZnCl,, CaCl,, NaCl, HCl) and to assess possible cation-
dependent changes in their FTIR spectra. The resulting spectra are plotted in Figures 14 (AR3110), 15
(W3110) and 16 (AP329). The spectra corresponding to the incubation with the NaCl and HCl control
solutions are plotted in the annex (Figures 27-29). Dotted lines are plotted at the wavenumbers of

the previously mentioned peaks to facilitate the identification of possible shifts.
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ATR-FTIR spectra of AR3110 biofilms in presence of metal cations
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Figure 14. ATR-FTIR spectra of E. coli AR3110 biofilms after homogenization with 10% (v/w) solutions of different salts in
comparison to 10% (v/w) ultrapure water. Dotted lines are plotted to facilitate the identification of possible shifts and
correspond to the peaks introduced in Figure 13 and Table 14.
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ATR-FTIR spectra of W3110 biofilms in presence of metal cations
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Figure 15. ATR-FTIR spectra of E. coli W3110 biofilms after homogenization with 10% (v/w) solutions of different salts in
comparison to 10% (v/w) ultrapure water. Dotted lines are plotted to facilitate the identification of possible shifts and
correspond to the peaks introduced in Figure 13 and Table 14.
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ATR-FTIR spectra of AP329 biofilms in presence of metal cations
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Figure 16. ATR-FTIR spectra of E. coli AP329 biofilms after homogenization with 10% (v/w) solutions of different salts in
comparison to 10% (v/w) ultrapure water. Dotted lines are plotted to facilitate the identification of possible shifts and
correspond to the peaks introduced in Figure 13 and Table 14.

Also in the presence of metal cations, the spectra of the biofilms are similar for the three strains. As
indicated by the dotted lines, the maxima do not seem to shift for the different biofilm characteristic
peaks (Figure 13 and Table 14). The shape of the broad peak around 3280 cm™ appears to be the
most variable feature. However, its shape change neither correlates with a particular solution nor
matrix composition, as shown in the Annex Figures 27-29. These changes were thus not considered
to be significant. Interestingly, this broad peak was one of the most affected peaks in spectra of E.
coli biofilms grown on kaolin, after treatment with metal ions (Figure 4)%. The change in the ratio of
the two peaks at 2960 and 2920 cm™ in the strain producing only curli amyloid fibres (W3110) is
another interesting change to mention. For most spectra incubated with ultrapure water or
hydrochloric acid, the peak at 2960 cm™ is higher while for most spectra incubated with any of the
four salt solutions, the peak at 2920 cm™ is higher (Figure 15, Annex Figure 28 and Table 30). A

similar effect was observed by Quintelas et al. in the presence of metal ions (Figure 4). Those two
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peaks correspond to the asymmetric stretching of CH, and CH; and could therefore possibly indicate

an effect on lipids in the absence of pEtN-cellulose.

7.1.3. ATR-FTIR spectra of curli amyloid fibres in the presence of metal cations
The interaction between metal cations and either of the fibres could be masked by the bacteria

themselves as well as other components of the matrix. To eliminate these possible contributions,
purified fibres were characterized in the presence of different salt solutions. In the first step, the
observed peaks were assigned with the corresponding functional groups based on the literature
(Figure 17). At this stage, the spectra were analysed and plotted while preserving the contributions

of the amino acid side chains.

ATR-FTIR spectra of curli fibres in presence of metal cations
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Figure 17. ATR-FTIR spectrum of curli amyloid fibres purified from E. coli W3110 biofilms mixed with ultrapure water.
Peaks were assigned to functional groups based on the literature (see Table 15 for more information). v: stretching of the
respective bonds, 6: deformation vibration.
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Most peaks can be related to functional groups known in the literature. The broad peak around
3280 cm™ corresponds to the stretching of the NH groups along the polypeptide chain®*°. The
small peak at 3080 cm™ is the overtone of the amide Il band®. The peaks at 2925 and 2855 cm™
correspond to the asymmetric and symmetric stretching of CH, groups'’®. The peak at 1665 cm™ is
characteristic of the amide | band, possibly both in B-sheet and random coil conformation'”. The
peak at 1630 cm™ possibly represents the stretching of C=0 in the amide | band and the peak at
1545 cm™ is attributed to the deformation vibration of the NH in the amide 1l band”. Finally, the

7

small peak at 1050 cm™ could represent the stretching'’’ or deformation vibration'’”® of CN in

aliphatic amine groups. These data are summarised in Table 15.

Table 15. Possible assignment of the peaks observed in curli fibre spectra based on the literature.

Wavenumber (cm™) Functional group Biomolecules Ref.
~3300 V(NH) Polyglycine 178
~3100 Overtone of amide Il band Protein 179
~2925 Asymmetric v(CH,) Polyglycine 12
~2860 Symmetric v(CH,) Polyglycine 179
1675-1665 Amide | band B-sheet structure 179
1670-1660 Amide | band Random chain 179
~1630 v(C=0) in amide | band Polyglycine 179
1550-1540 &(NH) in amide Il band Polypeptide 178
1050 V(CN) or §(CN) in aliphatic amines WA

v: stretching; §: deformation vibration
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With the goal of measuring curli amyloid fibres in the presence of metal cations, the concentration
of the salt solutions (and thus the cation:curli ratio) was varied until an effect on the spectra was
observed. This resulted in a cation concentration of 400 uM, as mentioned in the method section.
This, for example, corresponds to a molar ratio between Fe(lll) and CsgA monomers of 3.76:1
(calculations in the Annex). In the previous biofilm measurements, the contribution of the spectra of
the respective salts was not considered because of the overall complexity of the sample. Here, also
spectra of the salt solutions were acquired to facilitate a direct comparison of the individual

components and the mixture (grey curves in Figure 18).
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ATR-FTIR spectra of curli fibres in presence of metal cations

CaCl,
ZnCl,
FeCl,
AlCl,

H,0

Normalised intensity

3280

3080, o5
i 2?25-?855 | l1665‘|~'|1ﬁ23 1050

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber {cm'1)

Figure 18. ATR-FTIR spectra of purified curli amyloid fibres in presence of different salt solutions and ultrapure water.
Spectra of the corresponding salt solutions are plotted in grey. Dotted lines are plotted to facilitate the identification of
possible shifts. The corresponding functional groups are identified in Figure 17 and Table 15.
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The broad peak around 3280 cm™ is hardly possible to separate from peaks in the salt solution.
However, the absence of a shift in wavenumber can still be clearly seen from the chart (Figure 18).
Unfortunately, the broad peaks in the salt solutions also encompass the wavenumbers (2925 and
2855 cm™) corresponding to the symmetric and asymmetric stretches of CH, groups. Concerning the
amide | band (1665, 1623 cm™), the shapes of the peaks remain seemingly unchanged. Although
small peaks are visible in that range for the spectra of the salt solutions, they appear to have no

impact. The same observation applies for the amide Il band 6(NH) at 1545 cm™.

7.1.4. Secondary structure analysis of curli amyloid fibres
Having qualitatively observed that the amide | band remained unchanged, an attempt was made to

resolve subtle changes in secondary structure. A secondary structure analysis was thus performed in
the region from 1700 and 1600 cm™ to determine the relative contributions of a-helices, B-sheets,
B-turns and random coils. To do so, the spectrum was deconvoluted in the aforesaid region after
removal of the side chains contributions. Then, it was best-fitted with one curve for each peak that
represents the contribution of one secondary structure component. When doing so, the originally
overlapping peaks of the different components can be distinguished (Figure 19A). The results of this
analysis on curli fibres are plotted in Figure 19B for mixtures with different metal salt solutions and

ultrapure water.
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Figure 19. Secondary structure analysis based on the amide | band. A: Best-fitting of the FTIR spectrum between 1700 and
1600 cm-1 (example for CaCl,) for the secondary structure component analysis. Random coil and a-helices could not be
distinguished and were therefore fitted as one component. B: Distribution of the secondary structure components after
mixing of the purified curli fibres with different salt solutions. The median values (n=2-4) are plotted and the error bars
represent the standard error of the median computed by bootstrapping. A two samples Wilcoxon signed rank test was
computed between median values representing the same secondary structures in the presence of different salt solutions,
i.e. bars of the same colour. No significant differences were found (p=0.05).

As can be seen in figure 19, the different cations do also not cause any significant changes in the
secondary structure of curli amyloid fibres. Considering the small number of replicates (n=2-4), the
samples were not considered normally distributed and the median was plotted. The same types of
secondary structure were compared for pairs of samples using a Wilcoxon signed rank test. All p-
values were larger than 0.05, indicating that no significant differences exist between samples (Tables

31-33 in annex).

7.1.5. ATR-FTIR spectra of pEtN-cellulose fibres in the presence of metal cations
Just as for the curli fibres, also the spectra of purified pEtN-cellulose fibres were determined in the

presence of the respective salt solutions. The amount of fibres in suspension could not be
determined due to the small amount available. The salt concentration was kept the same as for the
experiment on purified curli fibres. The FTIR spectra, including the peak assignments, are shown in

Figure 20 and 21.
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ATR-FTIR spectrum of pEtN-cellulose fibres
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Figure 20. ATR-FTIR spectrum of pEtN-cellulose fibres purified from E. coli AP329 biofilms mixed with ultrapure water.
Peaks were assigned to functional groups based on the literature (see Table 16 for more information). v: stretching of the
respective bonds, 6: deformation vibration.

Most of the peaks can be related to functional groups based on the literature. The broad peak
around 3287 cm™ corresponds to the stretching of the OH groups of glucose as well as the possible
stretching of the NH group of the pEtN-modification®'”°. The peak at 2922 cm™ can be attributed to

2 The peak at 1650 cm™ corresponds to the deformation

the stretching of CH in carbohydrates
vibration of the primary amine'”® and must therefore represent the pEtN-modification. The three
peaks at 1460, 1400 and 1230 cm™ can represent deformation vibrations of CH and OH groups but
the peak at 1460 cm™ could also represent the deformation vibration of CH,"”°. Moreover, the range
for the numerous bands corresponding to the deformation vibrations of CH and OH are generally

lower for cellulose than for other carbohydrates (Table 16). Therefore, if the peak at 1460 cm™

represents &(CH,), 1400 cm™ could also represent 6(CH). The last peak at 1070 cm™ can either
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represent the stretching of C-O groups'’® or the symmetric stretching of the P=0 double bond in the

pEtN-modification'’. If it is the latter, then the peaks at 1230 cm™ most likely represents the

corresponding asymmetric stretching'’®

possible functional groups to IR peaks are summarised in Table 16.

Table 16. Possible assighment of the peaks observed in pEtN-cellulose FTIR spectra based on the literature.

. For clarity, the values from the literature used to assign

Wavenumber (cm'l) Functional group Biomolecule Ref.
3575-3125 v(NH), v (OH) Carbohydrates / cellulose 86,179
~2900 v(CH) Carbohydrates 179
1650-1580 6(NH), primary amine (In this case: pEtN) T
1480-1435 6(CH,) Cellulose 179
1460-1200 6(CH) and §(0H) Carbohydrates (numerous bands) 7R
~1375 6(CH) Cellulose 179
1320-1030 6(CH) and 6(0H) Cellulose (numerous bands) 7R
1240 v(P=0) asymmetric (In this case: pEtN) 178
1160-1000 v(C-0) Carbohydrates A
1085 v(P=0) symmetric (In this case: pEtN) 178

v: stretching; §: deformation vibration

Now that the main peaks are identified, the spectra of the pEtN-cellulose fibres can be compared in

the presence of the different metal salt solutions.

92



Normalised intensity

ATR-FTIR spectra of pEtN-cellulose fibres in presence of metal cations

OH)

l, deH}

\

\

a,-"‘: \‘\er"lil\JlL_

W

3287

5(NH) 0(CH) E
m CaCl \\ﬁ \y
= ZnCl ;E?j'
[ FeCIj
u ACl,
] Hgo |‘&1
_ﬁﬂ*%m%w M#ﬁ

4/

V{P O}
v(C-O)

'1230

1:460 1 400

I 29?2 16{50 F I10|70
| I | | | I |
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm“)

Figure 21. ATR-FTIR spectra of purified pEtN-cellulose fibres in presence of different salt solutions and ultrapure water.
Dotted lines are plotted to facilitate the identification of possible shifts; in red for the peaks possibly corresponding to the
P=0 double bond. The corresponding functional groups are identified in Figure 20 and Table 16.

Both a change of shape and a shift can be observed for the v(NH) and v(OH) broad peak originally

positioned at 3287 cm™. However, this wavenumber range also corresponds to a large peak in all salt

solution spectra. Thus, the change of shape and shift could be a superposition of both spectra (fibre
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+ solution). The triple peak centred at 2922 cm™ (v(CH)) seems unaffected both in its shape and its
wavenumber. The effect on the primary amine NH deformation vibration at 1650 cm™ is similar to
what is observed with the first broad peak: a change of shape that coincides with a peak
characteristic for the salt solutions. More meaningful could be the changes observed for several
peaks at wavenumbers lower than 1500 cm™. The first two peaks at 1460 and 1400 cm™ could still
result from a superposition with the spectra of the metal ions. Yet, the peaks at 1230 and 1070 cm™
(Figure 21, red dotted lines) significantly change in shape (shoulders appear for both) and this does
not seem to be caused by the salt solutions. One explanation is that cations could have an effect on
the CH and OH functional groups of the glucose residues. Another, more likely, hypothesis is that the
cations stretch the P=0O double bond by pulling on the electronegative oxygen. Yet, this does not
seem to be cation- or even valence-specific, as can be seen from comparing the different replicates

in Figure 30 of the annex.

7.2.Discussion
To obtain a molecular explanation for the metal cation-induced stiffening of biofilms (chapter 5.1.3),
FTIR spectra of E. coli biofilms and their two main constituting fibres - curli amyloid and pEtN-
cellulose - were measured in the presence and absence of salt solutions. First, the spectra of biofilms
formed by the three E. coli strains AR3110 (curli + pEtN-cellulose), W3110 (curli only) and AP329
(pEtN-cellulose only) were investigated. No differences were observed between the spectra of the
three bacterial strains. This suggests that the two main matrix fibres give little to no distinguishable
contribution to the overall FTIR spectra of the entire biofilms. This correlates with recent

130 Given that the curli to

observations that curli fibres represent only 0.146% of the biofilm dry mass
pEtN-cellulose ratio in the AR3110 matrix is 3:1", the contribution of pEtN-cellulose to the spectra is

expected to be even less. This means that the spectra mostly report on the composition of the

bacteria themselves. In addition, since the three bacterial strains are derived from one another (see
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Materials and Methods), they can be considered to be almost identical, except for their matrix
production.

Following this first observation, the spectra of the biofilms were compared after mixing them with
different salt solutions. Again, the spectra were quite similar across strains. As mentioned previously,
similar experiments were conducted on E. coli biofilms supported on kaolin in the presence of Fe(lll),
Cd(11), Ni(I1) and Cr(V1) ions®. In this earlier study, the FTIR spectra of the biofilms were affected and
several peaks shifted or changed in shape. The same peaks were detected in this work (Figure 13-
16); however, most peaks remained unchanged. The only visible change in the presence of metal
cations occurs for the peaks that correspond to the asymmetric stretching of CH, and CH; groups,
which can be associated with lipid chains. This observation is not specific to the type or valence of
the cation. In the presence of bacteria, it appears most likely that cations have an effect on bacterial
membranes. Indeed, it has been shown that Al(lll) impacts lipid-A membranes in two different ways.
It can cross-link mono- or diphosphorylated lipid-A molecules and therefore stabilise their lamellar

180

arrangement. It also affects lipid-A packing and membrane fluidity . Ca(ll) cations have been shown

81 In both cases, the

to cause the deformation of membranes containing negatively charged lipids
effects can be counteracted by a high concentration of sodium ions. The effect was mostly visible in
the biofilms formed by the E. coli W3110 strain, which produces only curli amyloid fibres. Whether
this is due to the matrix fibres or to the lack of a larger sample is yet to be answered. While a very
similar effect was indeed observed for the biofilms grown on kaolin®, neither the bacterial strain nor
the matrix composition were mentioned. The ion concentrations within the biofilms in those
experiments could also have been significantly higher. Several concentrations of Fe(lll) were
adsorbed on the biofilm, with the uptake ranging from 1 mg(Fe)/g(biofilm) to 16 mg/g depending on
the initial concentration in solution. The amounts used for the FTIR experiments were not specified.

In this work, 1.22 mg of Fe(lll) were added per g of biofilm, which is at the lower end of the range

used in the aforementioned experiments.
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Investigating purified curli fibres in the presence of metal salt solutions also allowed for a secondary
structure components analysis. Surprisingly, neither the spectra over the entire range of
wavenumbers nor the secondary structure analysis in the range from 1700 to 1600 cm™ showed any
effect of the metal cations on functional groups or the secondary structure of the curli fibres. This
contrasts with expectations based on the literature on amyloid fibres. The metal cations Fe(lll), Zn(ll)
and Cu(ll) were shown to have a significant impact on the morphology and the IR spectra of AB
plagues. However, such changes were obtained after co-incubation with a combination of those
cations rather than the cations taken separately®’. Glucagon is a peptidic hormone inducing
gluconeogenesis and glycogenolysis, which exhibits at least three conformations in vitro: a-helical
crystals, random-coil monomer, and B-sheet. Misfolded glucagon peptides generate amyloidogenic
fibrils with a higher cytotoxicity than AB peptides. FTIR was used to show that Cu(ll) promotes the
conversion of glucagon peptides into amyloid fibrils while Fe(lll) has the opposite effect. This
transition in morphology corresponds to a change in secondary structure visible in the IR
spectrum®®?. Nevertheless, the 48-hour incubation period makes the comparison with our own
results difficult. Kinetic studies on the in vitro fibrillation of curli fibres from CsgA monomers
monitored using the amyloid-binding fluorescent dye thioflavin T showed that fibrillation takes

18 If fibrillation occurs under such time scales, secondary

approximately six hours to reach a plateau
structure transitions upon exposure to metal cations could be too slow to be visible in the presented
experiments. Unlike for rheology, where the biofilms were incubated for 45 min, the fibre
suspensions were measured directly after mixing with the metal salt solutions. In addition, Cu(ll) and
Fe(lll) impact the formation of glucagon growing fibrils; Fe(lll) does not reverse already existing
fibrils into non-fibril aggregates. The purified CsgA already form amyloid fibrils, as confirmed with
electron microscopy and AFM by Dr. Siri. Therefore, they may already be too stable for a change in
secondary structure to occur. It is also worth mentioning that biofilms were buffered around pH=7

(see Table 6, section 5.1.3) while the fibres suspensions are not. The pH of the metal salt solutions at

400 pM are 3.0 (FeCl;), 4.3 (AICl5), 5.9 (ZnCl,) and 6.54 (CaCl,). Therefore, aspartate and glutamate
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residues will be protonated (i.e. not charged) in presence of Fe(lll), partially protonated in presence
of Al(lll), potentially preventing them from interacting with trivalent cations the way they would in a
buffered biofilm. Histidine residues will be biprotonated at acidic pH and therefore unlikely to
interact with metal cations'®*. However, this situation is similar to the biofilm.

Finally, the same strategy was also applied to purified pEtN-cellulose fibres. In all salt solutions, two
peaks at 1230 and 1070 cm™ were shifted and their shapes changed. Most likely these peaks
represent the asymmetric and symmetric stretches of the P=0 double bond in the phosphodiester
linkage of the pEtN-modification. Phosphodiesters were listed as one of the major functional groups
for the biosorption of metal ions by Volesky et al.'®. Moreover, phosphorylation of cellulose was

182 |nteractions between Fe(lll)

shown to increase biosorption of both bivalent and trivalent ions
cations and phosphates of the EPS, including their P=O double bond, were observed for B. subtilis
using ATR-FTIR. Finally, BoZi¢ et al. have described similar changes in two peaks of the IR spectrum
(1210 and 930 cm™) of phosphorylated cellulose fibres upon exposure to MgCl,. They have shown

3 Here, this is also

the appearance of shoulders for the peaks corresponding to P=O and P-OH
observed for the peaks at 1230 and 1070 cm™ (Figure 21). The phosphodiester linkage of the pEtN-
modification therefore appears as a good candidate for the interaction with the four metal cations
tested, irrespective of their valence.

To come back to the three alternative hypotheses formulated at the beginning of this chapter: 1)
trivalent cations are unlikely to specifically act as cross-linkers between both matrix fibres since no
spectrum showed any specificity to valence. 2) ion condensation is likely to take place along pEtN-
cellulose fibres, specifically involving the pEtN-modification. 3) bacteria membranes could possibly

be affected by the cations, specifically in the absence of pEtN-cellulose, but this is unlikely to play a

determining role and would not be valence-specific.
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8. General discussion and outlook

8.1. Extrinsic factors

145,186

Various metal cations are known to be toxic to planktonic bacteria . Metal cation sequestration

in biofilms is therefore thought to have evolved as a defence mechanism against metal ion toxicity.

*®57 thereby providing an

Sequestration can also lead to a mechanical reinforcement of biofilms
additional evolutionary benefit. Which metal ions cause this reinforcement varies with bacterial
species and matrix composition, just as the magnitude of the reinforcement. The goal of this work
was to close an important gap in knowledge for the otherwise widely investigated bacterium
Escherichia coli. E. coli produces a biofilm matrix mainly composed of pEtN-cellulose and curli
amyloid fibres and the influence of metal cations on biofilm viscoelasticity was unexplored when
starting this project.

In the first part of this work, bulk shear rheology was used to examine the possibility of tuning E. coli
biofilm viscoelastic properties with metal cations. To account for the influence of matrix
composition, mutant strains lacking either curli or pEtN-cellulose were used. The biofilms were
incubated with cation concentrations significantly higher than those encountered in a natural
environment in order to maximise possible effects. The final cation concentrations in the biofilms
were 20 mM in our experiments. On the other hand, concentrations in Fe(lll) cations of maximally 2

mM or 0.4 mM were measured in effluents from the textile industry®®

or the pharmaceutical
industry®®, respectively. A similar approach of using high cation concentrations was already applied
by Kretschmer et al. for B. subtilis biofilms>’. While the cation concentrations used would not occur
naturally in the environment, they could still be used in a laboratory setting to engineer biofilm
properties. Considering increasing interest in biofilms as materials per se, methods to tune their
viscoelastic properties without the need for genetic engineering are in high demand.

The bulk rheology experiments revealed that the biofilm slightly stiffened in the presence of

trivalent cations, i.e. the storage and loss moduli approximately doubled. This stiffening only

occurred for the bacterial strain producing both pEtN-cellulose and curli amyloid fibres. For bivalent
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cations as well as for mutant strains producing only one type of fibre, a decrease in stiffness was
observed. Compared to similar bulk rheology experiments conducted with B. subtilis’’ or
P. aeruginosa® biofilms, where shear moduli increased by several orders of magnitude, much more
modest changes in the moduli were observed. One possible explanation for the relatively small
effect of metal cations could be the destruction of the biofilm matrix architecture during sample
preparation for rheology experiments. While biofilms produced by different species also underwent
similar destructive protocols, it is known that matrix composition affects biofilm stiffness®. As
biofilm matrix composition varies between species, the partial destruction of the matrix could affect

biofilms to different extents.

8.2. Intrinsic factors

In the next step, a series of experiments were designed to investigate the relationship between
matrix architecture, composition and biofilm properties. Specifically, the viscoelastic properties of E.
coli biofilms were probed with two different methods, namely bulk shear rheology and
microindentation. Rheology, as previously stated, is destructive. It provides the shear modulus, i.e. a
measure of the resistance of the biofilm to shear deformation. In contrast, microindentation
preserves the architecture of the biofilm. It provides the Young's modulus, i.e. a measure of the
biofilm stiffness in compression. Measurements were performed for biofilm samples formed by
strains that produce any type of matrix composition, i.e. curli amyloid fibres and/or cellulose (with
and without pEtN-modification) as well as no matrix. Microindentation experiments showed a higher
stiffness for all strains producing curli fibres versus strains that did not. At the same time, no such
difference was observed in rheology experiments. This highlights the importance of the native
architecture for biofilm mechanical properties and suggests that biofilm homogenization at least
partially destroys this architecture.

The rheology experiments, performed in the presence of metal cations, thus need to be re-evaluated

in light of this new information. A native biofilm and a homogenized biofilm can be considered as
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significantly different materials. In other words, the conclusions drawn from the rheology
experiments after homogenization do not necessarily apply to biofilms with an intact matrix
architecture. The magnitude of cation-induced changes in shear stiffness may be different for native
biofilms; however, it may be assumed that the general trends observed for different matrix
compositions remain the same. Indeed, during the rheology experiments, biofilms respond to metal
cations as composite materials. While trivalent cations trigger a decrease in stiffness in strains
producing either curli or pEtN-cellulose, they reinforce biofilms grown from bacteria that
simultaneously produce both fibres. This suggests that the interactions between fibres that lead to

composite material behaviour observed at the phenotypic level**>*

persist to a certain extent after
destruction of the matrix architecture.

Microrheology on native biofilms would be an elegant way of complementing these results as the
native biofilm architecture can be preserved. Intact biofilms could be incubated with the solutions of
interest by covering them in liquid and then removing the solution. This incubation method was
already used by Kretschmer et al.". Magnetic tweezers have already been used to map the
viscoelasticity of E. coli MG1655 biofilms®®. This strain does not produce (pEtN-)cellulose and the
resulting biofilms may be less stiff than strains producing both curli and pEtN-cellulose. Using active
microrheology for stiffer biofilms remains to be demonstrated. If possible, this method can also
provide local information. Since the surface of the native biofilm is heterogenous, e.g. displaying
wrinkles, localised effects of metal cations could possibly be highlighted.

Highly localised mechanical information could also be obtained with AFM nanoindentation. Biofilms
formed by the E. coli strain AR3110 (producing both curli and pEtN-cellulose) were already mapped
with AFM”. The main obstacle would be to standardise an indentation protocol suitable for the
different matrix compositions with their different textures and adhesion properties. If this can be

achieved, maps of biofilm stiffness in shear and in compression could be compared. A systematic

comparison of both shear and Young’s moduli at different locations in the biofilm is worth
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investigating in itself, i.e. even in the absence of metal cations. Yet, this would be beyond the scope

of this work.

8.3. At the molecular level
In the last chapter of this work, the molecular interactions between metal cations and matrix
components were investigated by means of ATR-FTIR. At first, FTIR spectra were acquired for the
three main bacterial strains used in this work. The strains, producing curli, pEtN-cellulose fibres or
both, were mixed with one of the metal cation solutions (AICl;, FeCl;, ZnCl, or CaCl,), control
solutions (NaCl, HCI) or water. The resulting spectra show only minor differences depending on
matrix composition and metal cation added. Most likely, the biofilm spectra originate from the
bacteria rather than from the biofilm matrix. This is consistent with the fact that both fibres together

17150 While recent literature suggests the possibility

account for less than 1% of the biofilm dry mass
of bacterial strain typing using FTIR’®, no protocol was followed that was specifically designed for
this purpose, which relies on liquid cultures rather than bacteria embedded in their biofilms.
Moreover, this field is quite recent and protocols for bacteria strain typing are still being developed.
Measuring the spectra of planktonic bacteria for the different strains used within this work would be
an interesting follow-up experiment. Comparing spectra from planktonic bacteria with biofilms could
confirm whether the obtained spectra indeed mostly originate from the bacteria.

The most prominent change was detected for the ratio between two peaks that most likely
correspond to lipid chains. This change discriminated between bivalent and trivalent cations on the
one hand, and HCl and ultrapure water on the other hand. It was only observed for the E. coli W3110
strain, i.e., the strain producing curli amyloid fibres and no pEtN-cellulose. This change is so small
that it cannot be termed significant, considering the small number of replicates (n=3 per bacterial
strain). If significant, it could originate from an effect of cations on bacterial membranes, which has

been described in the literature®®**®!

. Irrespective of its origin, this effect cannot explain the
rheology results, which discriminate between bivalent and trivalent cations, specifically in the strain

producing both fibres. Further experiments in the absence of biofilm matrix would be needed to
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clarify a possible interaction of metal cations with bacterial membranes in the biofilm. If an
interaction between metal cations and membranes is confirmed, additional experiments could be
performed to assess the interplay between metal cations, membranes and purified and artificially
added pEtN-cellulose.

As the bacteria hid any possible effect of the cations on the matrix fibres, FTIR experiments were
repeated with purified fibres. Fibres were purified from the two strains producing only one type of
fibre (AP329 and W3110). For both matrix components, the spectra were compared in the
wavenumber range from 4000 to 600 cm™. For curli amyloid fibres, an additional secondary
structure component analysis was performed in the range from 1700 to 1600 cm™. Neither the
overall spectra nor the secondary structure analysis yielded any significant differences between the
different fibre samples. The earlier proposal of an interaction between trivalent cations and
histidine, glutamate and aspartate residues can neither be infirmed nor confirmed based on the

current results. Characteristic peaks'®

corresponding to their side chains were absent from the
spectra of the curli fibres. Another method to investigate complexation of metal cations by curli
fibres could be nuclear magnetic resonance (NMR), which was used to study metal complexation by

137,139

AB peptides . In addition, Raman spectroscopy was also used to investigate Zn(ll) and Cu(ll)
complexation by histidine residues in histidine-rich domains®.

The analysis of pEtN-cellulose was more informative. In the presence of both bivalent and trivalent
cations, a change in the peaks corresponding to the phosphate group of the pEtN-modification was

143,162,1 PO .
743,162,185 Thjs is interesting for two reasons.

observed. This is strongly supported from the literature
(1) The interaction between cations and the pEtN-modification could possibly prevent the cations
from acting on the membrane, as suggested in the experiments with biofilms. This in turn raises the
question why the cation-membrane interaction was not observed in presence of curli. (2) The
interaction between the phosphate group of pEtN-cellulose and the metal cations suggests that

charge condensation is indeed possible along the pEtN-cellulose fibres for both bivalent and trivalent

cations. Nevertheless, such effects occur only with pEtN-cellulose and do not discriminate between
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valences, while the stiffening observed in the rheology experiments occurs specifically with trivalent
cations and in presence of both fibres produced by the same bacteria. Therefore, charge
condensation along the pEtN-cellulose fibres alone cannot explain the trends observed with the
rheology experiments. It cannot explain either the texture of the cation-biofilm mixtures, which is

also specific to trivalent cations.

8.4.Conclusion
To summarise and conclude, a key result of this work is the observation that trivalent cations
specifically reinforce E. coli biofilms where pEtN-cellulose and curli amyloid fibres are co-produced
by the same bacteria cell. This reinforcement is probably underestimated after partial destruction of
the biofilm matrix architecture. No such reinforcement is observed for biofilms that contain only one
type of matrix fibre as well as for bivalent cations. Although metal cations seemed to affect the FTIR
spectrum of pEtN-cellulose, suggesting an interaction at the molecular scale, these observations
alone cannot account for the reinforcement observed with bulk rheology. Possible mechanisms such
as charge condensation or osmotic effects remain to be investigated. More generally, this works
confirms the composite material nature of E. coli biofilms and highlights the importance of the
native biofilm architecture for determining the biofilm material properties. This work further
emphasizes the possibility of tuning biofilm viscoelasticity without the need for genetic engineering.
It demonstrates that the underlying molecular mechanisms as well as the magnitude of achievable
changes differ between bacterial species and within strains of the same species. Thus, every
targeted organism and the interaction of its matrix components with metal cations needs to be

investigated case by case.
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12. Annex

12.1. Influence of metal cations on the viscoelastic properties
of Escherichia coli biofilms

12.1.1. Osmolality measurement
NaCl solutions, spanning the concentration range from 200 to 550 mM, were prepared as three
independent replicates for each point. The osmolalities of these standard solutions were measured,
a linear regression was fitted using the least squares method with the Im function in R (R Core Team;
version 4.0.5) and the resulting calibration curve was plotted. Subsequently, the osmolality of all
used salt solutions (220 mM) was determined from three aliquots of the same solution. For the
osmolality control solution used for biofilm experiments, a NaCl solution was prepared with a
concentration (409 mM) that matched the osmolality of the 220 mM FeCl; solution of 754 mOsm kg’

! (Annex Figure 22).

NaCl osmolality calibration curve
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Figure 22. Osmolality calibration curve obtained with NaCl solutions of different concentrations. The 220 mM FeCl;
solution has an osmolality of 754 mOsm kg'l. This corresponds to a NaCl concentration of 409 mM.

12.1.2. Amplitude sweeps for AR3110 samples with ascending and descending
strain amplitude

Amplitude sweeps were performed for AR3110 biofilms with and without the addition of 10% (v/w)
ultrapure water (Annex Figure 23). The oscillation frequency was set to 10 rad s™. The strain

amplitude was increased from 0.01% to 100% with 7 points per decade and then decreased again.
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These cycles of ascending and descending strain amplitude were repeated 3x. One experiment with

3 cycles lasted approximately 45 min.
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Figure 23. Amplitude sweeps of the strain AR3110. A: Amplitude sweep of a neat sample, consisting of three cycles of
ascending and descending strain amplitudes. B: Amplitude sweep of a sample diluted with 10% (v/w) ultrapure water,

consisting of three cycles of ascending and descending strain amplitudes. The amplitude sweeps were performed at a
frequency of 10 rad st

12.1.3. Frequency sweeps for AR3110 samples prepared under different
conditions

Frequency sweeps were performed for AR3110 samples (1) with and without the addition of 10%
(v/w) ultrapure water, (2) preceded or not by an amplitude sweep or (3) starting from the highest
(descending) or the lowest (ascending) frequency. The applied strain (y = 0.02%) was determined
from the linear viscoelastic range of the amplitude sweeps (Annex Figure 23). The frequency range
of two decades was centred on the frequency used for the amplitude sweeps (w = 10 rad s™) (Annex

Figure 24).
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Figure 24. Frequency sweeps of the strain AR3110. A: Frequency sweep of a neat sample, performed with ascending
frequency and y = 0.02%). B: Frequency sweep of a neat sample, performed with ascending frequency and y = 0.02%.
Before the frequency sweep, the sample was subjected to one cycle of ascending and descending strain amplitudes. C:
Frequency sweep of a neat sample, performed with descending frequency and y = 0.02%. Before the frequency sweep, the
sample was subjected to one cycle of ascending and descending strain amplitudes. D: Frequency sweep of a sample diluted
with 10% (v/w) ultrapure water. The frequency sweep was performed with ascending frequency and y = 0.02%. E:
Frequency sweep of a sample diluted with 10% (v/w) ultrapure water. The frequency sweep was performed with ascending
frequency and y = 0.02%. Before the frequency sweep, the sample was subjected to one cycle of ascending and descending
strain amplitudes. F: Frequency sweep of a sample diluted with 10% (v/w) ultrapure water. The frequency sweep was
performed with descending frequency and y = 0.02%. Before the frequency sweep, the sample was subjected to one cycle

of ascending and descending strain amplitudes.
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In addition, a frequency sweep was performed over five decades (w = 0.001-100 rad s™), using a neat
or diluted sample (with preceding amplitude sweep and descending strain amplitude). The
measurement was performed to determine the relaxation time of the biofilm samples; however,

drying of the samples significantly affected the data in the low frequency range (Annex Figure 25).
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Figure 25. Extended frequency sweeps of the strain AR3110. A: Frequency sweep of a neat sample, performed with
descending frequency and y = 0.02%. Before the frequency sweep, the sample was subjected to one cycle of ascending and
descending strain amplitudes. B: Frequency sweep of a sample diluted with 10% (v/w) ultrapure water. The frequency
sweep was performed with descending frequency and y = 0.02%. Before the frequency sweep, the sample was subjected to
one cycle of ascending and descending strain amplitudes.
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12.1.4. Effect of diluting biofilm samples with ultrapure water
To determine the effect of adding 10% (v/w) ultrapure water to the different biofilm samples,
storage and loss moduli were extracted from the amplitude sweeps of 23 independent biofilm
samples (see Materials and Methods). The extracted values, as well as their median values, are

reported in Tables 17 and 18.

Table 17. Storage moduli (G'y) of neat biofilms (-) and biofilms diluted (+) with 10% (v/w) ultrapure water.

Matrix Curli Curli Curli Curli

composition pEtN-cellulose pEtN-cellulose pEtN-cellulose pEtN-cellulose
(mixed) (co-seeded)

Water - + - + - + - + - +

37933 1940 27500 2703 18200 576 27000 1423 54400 8333

24400 2933 10017 1213 9157 190 31267 2673 24067 2857

G'y (Pa) 28267 5373 16533 1580 30567 1057 45200 6797 51167 5617
32833 4510
20367 4613

Median 28267 4510 16533 1580 18200 576 31267 2673 51167 5617

Table 18. Loss moduli (G",) of neat biofilms (-) and biofilms diluted (+) with 10% (v/w) ultrapure water.

Matrix Curli Curli Curli Curli
- pEtN-cellulose pEtN-cellulose pEtN-cellulose pEtN-cellulose
composition ;
(mixed) (co-seeded)
Water - + - + - + - + - +
4663 217 4360 399 2187 61 3413 134 6390 843
3197 359 1390 156 1180 11 3137 225 3430 367
G"y (Pa) 3297 539 2047 170 3367 107 4923 654 6550 695
4330 479
1950 442
Median 3297 442 2047 170 2187 61 3413 225 6390 695

12.1.5. Dilution experiments with metal cation solutions
To determine the effect of adding solutions of metal cations to the different biofilm samples, storage

and loss moduli were extracted from the amplitude sweeps of 5 independent biofilm samples (see
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Materials and Methods). The extracted values, as well as their median values, are reported in Tables

19 to 28.
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Table 19. Storage moduli (G'y) of AR3110 biofilms incubated with 10% (v/w) ultrapure water or a solution of interest. Pairs of values located in the same line correspond to biofilms grown
in the same Petri dish. Samples incubated with NaCl and HCl were grown in the same Petri dish, which is why they share the same water control values.

Matrix
composition

Curli
pEtN-cellulose

Solution AICl; Water FeCl; Water ZnCl, Water CaCl, Water NaCl Water HCI Water
7100 3913 40100 23200 7097 14733 12067 6750 3997 9623 10733 9623
13333 4893 38400 34333 11367 13767 12700 19167 1803 11000 8163 11000
7520 2270 33133 24633 14267 20500 8800 21767 2603 12633 4400 12633
5543 3460 32700 21400 11000 14800 11367 18933 608 1042 1187 1042
6797 4927 38500 25367 8553 16633 16033 23033 2023 9537 4600 9537
G'y (Pa) 3193 2780 171000 52767 17467 16033 23733 20567
117667 19133
14567 4713
20600 5830
8073 3973
11033 6050
Q1 6948 3687 34450 23558 9165 14750 11542 18992 1803 9537 4400 9537
Q2 (median) 8073 4713 38450 25000 11183 15417 12383 19867 2023 9623 4600 9623
Q3 13950 5378 39700 32092 13542 16483 15200 21467 2603 11000 8163 11000




Table 20. Loss moduli (G",) for AR3110 biofilm samples incubated with 10% (v/w) ultrapure water or a solution of interest. Pairs of values located in the same line correspond to biofilms
grown in the same Petri dish. Samples incubated with NaCl and HCl were grown in the same Petri dish, which is why they share the same water control values.
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Matrix Curli

composition pEtN-cellulose

Solution AICl; Water FeCl; Water ZnCl, Water CaCl, Water NaCl Water HCI Water
1043 587 5690 2820 1457 2067 2520 968 447 878 1067 878
2187 794 5613 4397 2253 1653 2250 2613 242 1373 1127 1373
1270 333 4763 2883 2613 2483 1553 2847 380 1770 583 1770

977 517 4650 2513 2017 1860 2053 2360 99 158 114 158

1277 979 5383 2990 1630 2487 3093 2993 278 1240 542 1240

G"y (Pa) 572 329 22800 6117 2987 1830 4803 3517

14633 2060

2073 563

2850 676

1203 582

1760 1227
Q1 1123 540 4918 2836 1727 1838 2103 2423 242 878 542 878
Q2 (median) 1277 587 5498 2937 2135 1963 2385 2730 278 1240 583 1240

Q3 2130 886 5671 4045 2523 2379 2950 2957 380 1373 1067 1373




Table 21. Storage moduli (G'y) for W3110 biofilms incubated with 10% (v/w) ultrapure water or a solution of interest.
Pairs of values located in the same line correspond to biofilms grown in the same Petri dish.

Matrix Curli
composition

Solution AICl; Water FeCl; Water ZnCl, Water CaCl, Water
3550 8737 3287 6630 6427 20967 3900 10133
21400 9613 9393 11000 2413 4793 3737 8587
. 11133 10833 2247 5153 2857 10133 3210 14667
GolPe) 10500 4973 8290 23067 4717 7167 5777 15367
9940 6103 3350 5763 1323 5283 4050 10667
12267 6543 4947 6000 4990 8360 11333 11933
Q1 10080 6213 3302 5823 2524 5754 3777 10267
Q2 (median) 10817 7640 4148 6315 3787 7763 3975 11300
Q3 11983 9394 7454 9908 4922 9690 5345 13983

Table 22. Loss moduli (G",) for W3110 biofilms incubated with 10% (v/w) ultrapure water or a solution of interest. Pairs
of values located in the same line correspond to biofilms grown in the same Petri dish.

Matrix Curli
composition

Solution AICl3 Water FeCl; Water ZnCl, Water CaCl, Water
584 2187 479 1507 1353 3287 710 2093
4393 2433 2030 2650 481 939 714 1780
2353 2677 351 1042 516 1780 599 2637
G"y (Pa)
2063 1253 1630 3467 920 1317 1083 2477
1833 1697 548 1197 236 861 763 1880
2327 1477 888 1140 955 1510 2513 2097
Q1 1891 1532 496 1154 490 1034 711 1933
Q2 (median) 2195 1942 718 1352 718 1413 739 2095
Q3 2347 2372 1445 2364 946 1713 1003 2382
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Table 23. Storage moduli (G'y) for AP329 biofilms incubated with 10% (v/w) ultrapure water or a solution of interest.

Pairs of values located in the same line correspond to biofilms grown in the same Petri dish.

Matrix
composition pEtN-cellulose
Solution AICl; Water FeCl; Water ZnCl, Water CaCl, Water
5337 3470 1353 1443 1977 3250 5137 11133
2107 4933 1417 6847 1600 10367 4773 21267
3530 9213 1623 8413 3153 16500 6960 18933
. 9580 10800 6233 9103 2173 10600 4857 17233
GolPe) 12533 17067 8857 16933 1203 8540 8577 14767
7843 16567 1870 10233 8157 19800
10100 4043
10767 7387
Qi1 4885 4711 1417 6847 1668 8963 4927 15383
Q2 (median) 8712 8300 1623 8413 1923 10300 6048 18083
Q3 10267 12242 6233 9103 2124 10542 7857 19583

Table 24. Loss moduli (G",) for AP329 biofilms incubated with 10% (v/w) ultrapure water or a solution of interest. Pairs

of values located in the same line correspond to biofilms grown in the same Petri dish.

Matrix
composition pEtN-cellulose
Solution AICl; Water FeCl; Water ZnCl, Water CaCl, Water
707 345 179 152 375 370 1002 1397
363 536 185 800 265 1220 933 2660
571 1077 216 975 558 1970 1377 2450
1913 1533 988 1190 380 1250 976 2297
G"y (Pa)
2450 2450 1377 2353 213 969 1800 2013
1150 1980 334 1100 1680 2703
1563 448
1680 862
Q1 673 514 185 800 282 1002 983 2084
Q2 (median) 1357 969 216 975 355 1160 1189 2373
Q3 1738 1645 988 1190 379 1243 1604 2608
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Table 25. Storage moduli (G'y) for samples consisting of mixed W3110 and AP329 biofilms incubated with 10% (v/w)
ultrapure water or a solution of interest. Pairs of values located in the same line correspond to biofilms grown in the
same Petri dish.

Matrix Curli
composition pEtN-cellulose
(mixed)
Solution AICl; Water FeCl; Water ZnCl, Water Cacl, Water
1950 15900 4107 20767 4153 9840 8053 19400
20900 14833 17867 22167 4663 13000 7267 19733
. 8627 6020 6640 10600 11467 29333 11800 47767
GolPe) 6847 11400 15167 19833 8180 14933 6157 46500
13167 28100 16933 21233 5023 36500 15033 57600
11833 15700 11967 30400
Qi1 7292 12258 6640 19833 4663 13000 7463 22400
Q2 (median) 10230 15267 15167 20767 5023 14933 9927 38450
Q3 12833 15850 16933 21233 8180 29333 11925 47450

Table 26. Loss moduli (G",) for samples consisting of mixed W3110 and AP329 biofilms, incubated with 10% (v/w)
ultrapure water or a solution of interest. Pairs of values located in the same line correspond to biofilms grown in the
same Petri dish.

Matrix Curli
composition pEtN-cellulose
(mixed)
Solution AICl; Water FeCl; Water ZnCl, Water CaCl, Water
266 2863 582 3570 770 1757 1420 2983
3170 2387 3110 4253 830 1850 1280 2690
) 1250 818 912 1827 2130 5413 2493 7087
Colpa 969 1653 2360 3567 1603 2640 1060 6787
2020 4257 2367 3840 870 6443 3230 8387
1727 2567 2443 5707
Q1 1039 1837 912 3567 830 1850 1315 3664
Q2 (median) 1488 2477 2360 3570 870 2640 1932 6247
Q3 1947 2789 2367 3840 1603 5413 2481 7012
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Table 27. Storage moduli (G'y) for co-seeded W3110 and AP329 biofilms incubated with 10% (v/w) ultrapure water or a
solution of interest. Pairs of values located in the same line correspond to biofilms grown in the same Petri dish.

Matrix Curli
composition pEtN-cellulose
(co-seeded)

Solution AICl; Water FeCl; Water ZnCl, Water Cacl, Water
8263 7487 4540 9743 6423 15733 2890 19033
16867 12100 2717 13833 8297 12500 8750 13233
. 22300 20733 8023 20433 14500 17033 4700 16067
GolPe) 24867 13667 25700 19400 7617 11367 5157 20500

28167 27333 16200 18833 16933 21200 14867 13733

19267 19500 21767 26167 5650 29200 3073 17900
Q1 17467 12492 5411 15083 6722 13308 3480 14317
Q2 (median) 20783 16583 12112 19117 7957 16383 4928 16983
Q3 24225 20425 20375 20175 12949 20158 7852 18750

Table 28. Loss moduli (G",) for co-seeded W3110 and AP329 biofilms incubated with 10% (v/w) ultrapure water or a
solution of interest. Pairs of values located in the same line correspond to biofilms grown in the same Petri dish.

Matrix Curli
composition pEtN-cellulose
(co-seeded)

Solution AICl; Water FeCl; Water ZnCl, Water CaCl, Water
1133 900 679 1277 1060 2183 456 2570
2433 1583 327 1687 1597 1673 1697 1747
3807 2557 1227 2817 2847 2357 789 1973
G"o (Pa)
3557 1767 3770 2833 1410 1457 826 2860
4257 3537 2693 2520 3277 2663 2950 1667
2877 2480 3163 3370 927 3600 472 2167
Q1 2544 1629 816 1895 1148 1801 551 1803
Q2 (median) 3217 2123 1960 2668 1503 2270 807 2070
Q3 3744 2537 3046 2829 2534 2587 1479 2469
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12.1.6. Counter ion condensation in pEtN-cellulose
To assess whether counter ion condensation could occur along the pEtN-cellulose fibres, the

following Manning’s criterion was calculated, taking into account the valence of the cation possibly

involved. Counter ion condensation occurs when:
_ s _ 190,191
E—;>Ecn’t—1/z ’

where z is the valence of the counter ion, b the length per unit of charge (i.e. the distance between

two neighbouring charges along the pEtN-cellulose chain) and /5 the Bjerrum length with

2
lg = — % ~0.712 nm in water at 20°C,
4megekgT

and e the elementary charge, € the relative permittivity, &, the electric constant, k;z the Boltzmann

constant and T the temperature.

The distance between two glucose units is 0.515 nm (data for carboxymethycellulose),** and half of
the glucoses are substituted on their carbon 6 with phosphoethanolamine.’® Considering one

negative charge per phosphate, the following relationship is obtained for bivalent and trivalent ions:

b=2+%0515=1030nmand § = 2= = 0.691 > -

This means that counter ion condensation along the pEtN-cellulose chain can take place for both

bivalent and trivalent ions.

Table 29. Quantities required for computing Manning’s criterion in the case of pEtN-cellulose.

Symbol Quantity Value

e Elementary charge 1.60210"° C

€ Vacuum permittivity 8.854 10 F.m™
3 Relative permittivity (water, 20°C) 80.08

kg Boltzmann constant 1.381 J.K*

T Absolute temperature 293.15K

b Axial distance per elementary charge 1.030 nm
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12.2. Contribution of the biofilm macroscopic architecture to its
viscoelastic properties

12.2.1. Calculation of the median error by bootstrapping
From the original sample X of size N, N elements were randomly chosen with replacement to create
a boostrapped sample Y of size N. The median m of Y was calculated and stored in the vector M of
size 1000. The previous steps were repeated 1000 times, whence the length of M.

The standard deviation of M was taken as the error associated to the median of X.

In the case of N=3, rather than 1000 iterations, the medians were calculated for the exact 27 (3°)
combinations instead.
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12.3. Molecular interactions between metal cations and the biofilm
matrix
12.3.1. Figures

AR3110, W3110, AP329 and biofilms ATR-FTIR spectra

= AP329
= W3110
= AR3110

Normalised intensity

3280 i 40-1545 1075 |
| | izge?rggzs | | I:il 1%90i|3,|¢_3 |

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (c:m_1)

Figure 26. ATR-FTIR spectra of biofilms formed by three E. coli strains after homogenization with 10% (v/w) ultrapure
water. AR3110 produces both pEtN-cellulose and curli amyloid fibres. W3110 produces only curli amyloid fibres. AP329
produces only pEtN-cellulose fibres. All replicates included.
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ATR-FTIR spectra of AR3110 biofilms in presence of metal and control solutions

Normalised intensity

3280 i 1640-1545 1075
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4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (c:m_1)

Figure 27. ATR-FTIR spectra of biofilms formed by E. coli AR3110 strain after homogenization with 10% (v/w) ultrapure
water, AICl;, FeCl;, ZnCl,, CaCl,, NaCl and HCIl. AR3110 produces both pEtN-cellulose and curli amyloid fibres. The three
vertical groups were measured on the same day. Dotted lines are plotted to facilitate the identification of possible shifts
and correspond to the peaks introduced in Figure 13 and Table 14.
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ATR-FTIR spectra of W3110 biofilms in presence of metal and control solutions

Normalised intensity
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Figure 28. ATR-FTIR spectra of biofilms formed by E. coli W3110 strain after homogenization with 10% (v/w) ultrapure
water, AICl;, FeCl;, ZnCl,, CaCl,, NaCl and HCI. W3110 produces only curli amyloid fibres. The three vertical groups were
measured on the same day. Dotted lines are plotted to facilitate the identification of possible shifts and correspond to the
peaks introduced in Figure 13 and Table 14.
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Table 30. Intensity ratio of the peaks at 2920 and 2960 em™in the spectra of W3110 biofilms in presence of different
solutions. Conditions for which the peak at 2960 cm™ is higher are in bold.

Solution Peal_(lratios: B
2920 cm™ /2960 cm

H,0 0.95325 0.95769 1.01992
AlCl3 1.00377 0.98877 1.07400
FeCls 1.13380 1.09251 1.02318
ZnCl, 1.03339 1.07181  1.05861
CaCl; 1.01648  1.0072 1.01709
Nacl 1.10629 0.91927 1.10429
Hcl 1.03484 0.98973  0.96336
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ATR-FTIR spectra of AP329 biofilms in presence of metal and control solutions

Normalised intensity
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Figure 29. ATR-FTIR spectra of biofilms formed by the E. coli AP329 strain after homogenization with 10% (v/w)
ultrapure water, AICl;, FeCl;, ZnCl,, CaCl,, NaCl and HCI. AP329 produces only pEtN-cellulose. The three vertical groups
were measured on the same day. Dotted lines are plotted to facilitate the identification of possible shifts and correspond
to the peaks introduced in Figure 13 and Table 14.
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12.3.2. Metal to CsgA monomer molar ratio in the FTIR experiments
Biofilm spectra

The final concentration of the metal salt solutions after mixing with the biofilm is 20 mM. Assuming
a density of 1, this corresponds to 20 mmol of metal per kg of wet biofilm or 20 umol of metal per g
of wet biofilm. Assuming a water percentage of the biofilm equal to 78%'"%, this means that 20 umol
of metal was added per 0.22 g of dry biofilm. Knowing curli mass percentage in the dry biofilm
(0.146%"°) and CsgA molar mass (15049 g/mol), this corresponds to a molar ratio 937:1
(metal:CsgA).

Curli fibre spectra

The approximate concentration of curli fibres in suspension is known in terms of CsgA monomers
and corresponds to 425 mM. The metal salt solutions were diluted to 400 uM and both were mixed
in a 1:4 ratio (see Materials and Methods). This corresponds to 1600/425=3.76 times more Fe(lll)

than CsgA (mol/mol).

12.3.3. Curli fibres secondary structure: two samples Wilcoxon signed rank test

Table 31. B-sheets: p-values of the two samples Wilcoxon signed rank test.

H,0 AlCl, FeCl, ZnCl, Cacl,
H,0 1 0.8 0.2 0.2 0.133
AlCI; 1 0.4 0.2 0.229
FeCl; 1 0.7 0.857
ZnCl, 1 0.4
CaCl, 1

Table 32. Alpha-helices and random coils: p-values of the two samples Wilcoxon signed rank test.

H,0 AICl, FeCl, ZnCl, Cacl,
H,0 1 0.2 0.2 0.2 0.133
AlCI; 1 0.4 0.7 0.229
FeCl; 1 0.4 0.057
ZnCl, 1 0.857
CaCl, 1

141



Table 33. Turns: p-values of the two samples Wilcoxon signed rank test

H,0
AICl3
FeC|3

ZnCl,
CaCl,

H,0 AlCl; FeCl3 ZnCl, CaCl,
1 0.4 1 1 0.533
1 0.1 0.7 0.857
1 0.7 0.057
1 0.629
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ATR-FTIR spectra of pEtN-cellulose fibres in presence of metal cations

CaCl,
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Figure 30. ATR-FTIR spectrum of purified pEtN-cellulose fibres in presence of ultrapure water, AlICl;, FeCl;, ZnCl, and
CaCl,. Dotted lines are plotted to facilitate the identification of possible shifts. The corresponding functional groups are
identified in Figure 20 and Table 16.
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