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Abstract

Bacterial adhesion is a multifactorial process, an understanding of which is key in en-
vironmental bioremediation and the design of materials for medical applications. The
mechanisms that govern cell adhesion must be analysed from the physics point of view
in order to obtain quantitative descriptors.

The genera Rhodococcus and Pseudomonas are widely spread in nature, forming
biofilms. Their adhesion was studied by means of chemical force microscopy (CFM), a
technique that relies on the functionalisation of scanning force microscopy (SFM) tips.

A pre-requisite of SFM is to have the cells firmly anchored to the surface in order to
obtain images and measurements in physiological conditions. A range of immobilisation
approaches was attempted, concluding that covalent bonding was the ideal method to
attach the studied strains.

Force-volume maps of two pseudomonads (Gram negative, hydrophilic) and two
rhodococci (Gram positive, hydrophobic) were acquired using four different cantilever
functionalities (Si3N4, Au, hydrophobic and hydrophilic self-assembled monolayers) and
the results were analysed statistically and fitted using a number of Gaussian curves.
The comparisons revealed that the data were highly heterogeneous and that there were
small differences between the adhesion forces generated by different combinations of
cantilevers and cells. Force-volume maps revealed that, on a given cell, the majority of
the bacterial membrane interacted with small adhesion forces with the cantilevers and
sparse nanodomains interacted with larger forces. This heterogeneity was explained in
terms of biological and chemical differences on the bacterial membrane.

Extra-cellular polymeric substances (EPS) form a matrix that encases bacterial cells
and promotes their adhesion to surfaces, protecting them from environmental threats.
EPS in Pseudomonas contain extra-cellular DNA, but its role in adhesion remains poorly
understood. SFM cantilevers were functionalised with DNA strands and probed against
Si surfaces under a variety of solutions (H2O; Na+ 2, 20 mM; Ca2+ 1, 10 mM). Specific
interactions between the DNA molecule and the surface were detected in a number of
force curves, and were usually seen with a higher frequency in the sodium solutions, but
the adhesion forces were greater under the calcium solutions. Both observations are in
agreement with molecular dynamic simulations that predict a large energy barrier for
the attachment and detachment of DNA under calcium (and not so great for sodium)
and a bridging effect of the divalent cation between the nucleotide and the surface. It
was concluded that eDNA is involved in the biofilm formation process of Pse1, which is
mediated by Ca2+.



Resumen

La adhesión bacteriana es un proceso multifactorial, cuya comprensión es clave en el
desarrollo de la biorremediación ambiental y en el diseño de materiales para aplicaciones
médicas. Los géneros Rhodococcus y Pseudomonas se hallan ampliamente distribuidos
en la naturaleza, formando biopelículas. Su adhesión ha sido estudiada por medio de la
Microscopía de Fuerza Química (CFM), técnica que esta basada en la funcionalización
de las sondas del Microscopio de Barrido de Fuerza (SFM). Un requisito previo a los
estudios llevados a cabo en el SFM, es fijar las células firmemente a una superficie,
para que estas sean estudiadas en condiciones fisiológicas. En este proyecto se aplicaron
diversas técnicas de inmobilización y se concluyó que la adhesión por medio de enlaces
covalentes es ideal para fijar a las especies estudiadas.

Se obtuvieron mapas de volumen de fuerzas de dos Pseudomonas (Gram negativas,
hidrofílicas) y dos Rhodococcus (Gram positivas, hidrofóbicas) usando cuatro sondas
diferentes (Si3N4, Au, y monocapas autoensambladas con terminaciones hidrofílicas e
hidrofóbicas) y los resultados se analizaron estadísticamente y se modelaron usando
varias funciones Gaussianas. Las comparaciones revelaron que los datos eran altamente
heterogéneos y que existían pequeñas diferencias entre las fuerzas adhesivas generadas
por las distintas combinaciones de sonda y cepa. Los mapas de volumen de fuerza
revelaron que, en un organismo dado, la mayor parte de la membrana interactúa con
poca fuerza con la sonda, mientras que ciertas nanoregiones distribuídas aleatoriamente
en la membrana, interactúan con fuerzas mayores. Esta heterogeneidad se explicó en
términos de diferencias químicas y biológicas en la membrana bacteriana.

Las substancias poliméricas extra-celulares (EPS) forman una matriz que envuelve
a las células bacterianas y promueve su adhesión a superficies, protegiéndolas de di-
versas amenazas ambientales. Las EPS en Pseudomonas contienen ADN extracelular,
cuyo papel adhesivo aún no se comprende perfectamente. Las sondas del SFM fueron
funcionalizadas con cadenas de ADN, y se hicieron interactuar con superficies de silicón
en diversas soluciones (H2O; Na+ 2, 20 mM; Ca2+ 1, 10 mM). Interacciones específicas
entre la molécula de ADN y la superficie fueron detectadas en varias curvas de fuerza,
las cuales se vieron con mayor frecuencia en las soluciones sódicas, aunque las fuerzas de
adhesión fueron mayores en las soluciones cálcicas. Ambas observaciones corresponden
con las predicciones hechas por simulaciones moleculares, las cuales predicen una gran
barrera de adsorción y desorción entre ADN y silica en soluciones de sodio, mientras
que la barrera en calcio no es tan alta. Este hecho se atribuye a la formación de enlaces
puente entre el nucleótido y la superficie. Se concluyó que el ADN extracelular juega un
papel importante en la formación de biopelículas de Pse1, proceso que es mediado por
iones divalentes.
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1
Foreword

The following thesis deals with the study of bacteria and bacterial product adhe-
sion. Why bacteria? As Sebastian Amyes’ excellent introduction to this subject [1]
states in its introductory lines: we are, and we have always lived, in the “Age of
Bacteria”. Bacteria are the most successful and numerous of all organisms that
have lived on Earth. Their biomass surpasses that of the rest of the living or-
ganisms combined. Even within our body, the number of bacterial cells exceeds
the number of human cells. Bacteria are adaptable organisms that can be found
in every environment, even the most inhospitable, like the barren Atacama desert
soil, volcanic vents and the bottom of Antarctic lakes. It is thought that they will
be the last survivors on Earth, billions of years from now, where the life support-
ing characteristics of our Sun change (i.e. it leaves its main sequence), and the
weather becomes too extreme for us to inhabit the Earth [2].

As exotic and appealing as they might sound, the present thesis does not
deal with extremophiles or post-apocalyptic organisms, but with two almost om-
nipresent and versatile species, namely Rhodococcus spp. and Pseudomonas spp.
The adhesive characteristics of their membranes will be studied by means of scan-
ning force microscopy (SFM), with the aim of complementing our current knowl-
edge of the molecular basis of their adhesion and ultimately design surfaces with
increased (or decreased) preference for bacterial cells, that could be used for a
variety of applications.

The study of bacterial surfaces is of prime importance in the understanding
of their adhesion to mineral substrates and living tissues. Bacteria have a selec-
tive advantage while attached to surfaces and are well adapted to life in a sessile
form [3]. Bacterial adhesion finds its biggest impact in medicine, pharmaceutical
sciences, biotechnology and environmental bioremediation. Due to the nature of
the interactions between the outermost layers of these organisms and the surfaces
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encountered in nature, it is necessary to employ state of the art biophysical tech-
niques to help us elucubrate the molecular mechanisms of these cellular processes.

Bacterial adhesion is paramount in medicine for a variety of reasons. Among
them we can highlight the interaction of pathogenic bacteria with living mam-
malian cells and the adherence of pathogens to medical devices and implants.
Biofilm formation poses a threat to patients that suffer from very diverse ail-
ments. Biofilm is the term given to a number of microorganisms embedded in a
polysaccharide matrix, an association that protects them against environmental
threats, making it more difficult to eradicate them. It has been estimated that
around 80% of the microbial infections in the human body have their roots in a
microbial consortium or biofilm [4]. More will be said about the importance of
biofilm formation and the mechanisms of this process in Section 2.2.

Bacterial adhesion is also central to environmental studies. Sessile microbes are
capable of catalytically transforming chemical compounds containing C,H,O,N and
dissolving minerals containing Fe [5], Mn, Ni, Zn and Cu [6], thus being key in bio-
geochemical cycles. Falkowski et al. deems microorganisms as the “biogeochemical
engineers of life” because during the early history of our planet Earth, microbes
largely drove the chemical speciation of elements on the planet’s crust, enabling
the evolution of more complicated life forms through their red-ox machinery [7].
Environmental engineers have exploited the adaptable metabolism of bacteria and
used it in soil bioremediation and industrial manufacture processes [8]. More will
be said about the application of rhodococci and pseudomonads in Section 2.2.

Bacterial interactions are mediated by the cell wall polymers, which nature
spans across many different types of chemical compounds. Examples include
extra-cellular polysaccharides, surface proteins, lipopolysaccharides, fimbriae and
lipoteichoic acids. The particular characteristics and ratios of these constituents
depend on the growth stage of the cells and the particular genus of bacteria. One
obvious distinction is the division between Gram positive and Gram negative bac-
teria (§2.1.1) [9]. A comparison between these two types of bacteria is therefore
interesting, and having as many examples as possible of biologically distinct types
of bacteria enhances our current knowledge about the relationship between mem-
brane structure and adhesive properties. Furthermore, the more it is discovered
about the attachment of diverse strains of bacteria to varied surfaces, the more will
be known about the basic mechanisms of bacterial adhesion. The fact that there
is a myriad of attachment strategies in the microbial world appears to make the
problem of the understanding of these mechanisms, frankly overwhelming. It is
only logical to assume that the more data are gathered and assimilated, the more
tools there are to construct the framework of bacterial adhesion. Based on this, it
was decided to select the Gram negative strains Pseudomonas 1 and Pseudomonas
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2 and the Gram positive strains Rhodococcus 92 and Rhodococcus 291. In Sections
2.2.2 and 2.2.3 the nature and uses of these strains will be revised.

Cell surface physicochemical properties, such as electrical potential and hy-
drophobicity, are thought to direct the degree of adhesion between the organisms
and surfaces. Traditionally, these properties have been estimated using macro-
scopic methods, like zeta potentials and bacterial contact angles (§2.5). Through
these techniques, average measurements of a consortium of thousands of cells can
be obtained. Nonetheless, microbial cell surfaces are highly heterogeneous and
furthermore, the individuals may differ considerably, even when they belong to
the same colony. With the advent of scanning force microscopy (SFM) in the
mid-eighties, and its application to microbiological surfaces, now it is possible to
image and probe not only individual cells, but specific areas of the cell membrane.

Scanning force microscopy (§2.6) can assess the contribution of the different
physicochemical properties to bacterial adhesion. Since the attachment of cells to
surfaces is mediated by specific and non-specific forces, the molecular organisation
of the interfaces and the nature of the surrounding solvent, play a key role in the
strength of these interactions (§2.4). In order to understand this phenomenon, a
technique called chemical force microscopy (CFM) (§2.6.6), was developed [10].
Chemically modified tips are mounted on the high precision machinery of the
SFM. The well characterised surfaces of the chemically modified probes, enable
the microscope to also become a tool for molecular recognition. The well-defined
chemistry of the SFM probe, with hydrophilic and hydrophobic groups, targets
specific interactions between the selected molecules, and the surface of the bacterial
cells, which also have hydrophobic and hydrophilic components all throughout their
cell walls. Chemical force microscopy was used to investigate the interaction forces
between hydrophobic and hydrophilic tips, as well as control silicon nitride (Si3N4)
and gold (Au) tips, versus the rhodococci and pseudomonads. These experiments
are explained in Chapter 4.

The SFM is capable of obtaining high resolution images of bacterial cells in air
and in physiological conditions (Chapter 3), thus being able to obtain topographic
maps of cell surfaces with nanoscale resolution (Figure 1.1). From a biologist’s per-
spective, this technique is more advantageous than electron microscopies, because
live organisms can be studied, and damaging mounting techniques can be avoided.
Nonetheless, imaging cells in liquid is a very challenging technique, because the
cells need to withstand the lateral dragging forces exerted by the microscope tip,
and amplified by the surrounding liquid. Several attempts to immobilise bacterial
cells are detailed in Chapter 3 and a collection of images of cells belonging to the
aforementioned strains will be presented in this chapter.
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Figure 1.1: The relative scale of chemical and biological structures and processes
alongside the experimental techniques used to study these phenomena. Although
light microscopy is useful in cell counting and identification, the nanoscale realm
remains beyond its scope. With electron and scanning force microscopies, the
study of sub-cellular structures and cell-membrane details has advanced immea-
surably. Still, atomic and molecular behaviour are better studied with the aid of
computational modelling. The present thesis, although based on SFM, makes use
of optical techniques and aims to relate the experimental findings to current math-
ematical models. The advance of science will undoubtelly be seen as a seamless
integration of these techniques, joined for a common end.
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For some species, like Pseudomonas, extra-cellular DNA (eDNA) is an impor-
tant component of the EPS matrix. eDNA is directly involved in the adhesion
of Pseudomonas to surfaces. It has been seen that in Pseudomonas Pse1, the
addition of the enzyme deoxyribonuclease (DNase), which hydrolyses the DNA
present in the extra-cellular matrix, promotes the detachment of Pseudomonas
cells from a fused quartz slide [11]. Moreover, it has been found that eDNA is not
different from chromosomal DNA [12], although the mechanism of its production
remains unclear. Several bacterial species, like Pseudomonas have an evolutionary
advantage, as they have learned to use this nucleotide to enhance their adhesion
to surfaces. Even though polysaccharides are the most common adhesives for bac-
teria [13], it is known that they can also use lipids, proteins and nucleic acids [12].
Since eDNA seems to interact with an adhesive surface in a similar way in which
other exo-polymers do, it became interesting to investigate the adhesion of in-
dividual strands of DNA with mineral surfaces. That is why gold coated SFM
cantilevers were functionalised with thiolated DNA and were probed against sili-
con surfaces under a variety of ionic solutions. The results of these experiments
are presented in Chapter 5.

The cell membrane and the extra-cellular polymers that encase the microbe
are the elements in contact with the external environment, determining its adhe-
sive properties. Consequently, it is interesting to perform measurements that are
representative of the natural environment [14]. However, it is common to prepare
and clean the cells before the analysis, in order to get rid of unwanted debris and
contaminants introduced by the growth media. The standard sample preparation
for SFM studies involves several cycles of centrifugation of the bacterial cells and
washing the obtained bacterial pellet with a buffer, saline solution or pure water.
Some authors [15, 16] claim that the delicate nature of the microbial cell surface
can be damaged through the preparation techniques, making it difficult to extrap-
olate the experiences witnessed in a laboratory with the actual natural processes
of adhesion. Based on the assumption that the preparation methods could be
affecting the quantity or quality of the EPS layer, it was decided to assess this
loss and the viability of the bacterial cells through contact angle experiments for
Rhodococcus 291. The results of these analyses will be exposed in Appendix D.
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2
Background

2.1 Introduction

This introductory chapter will deal with the biological and physical aspects of
bacterial adhesion and the different existing methodologies that assess the degree of
attachment of bacterial cells to surfaces. A brief portrayal of biofilm formation will
be included, emphasising the existing differences between the biofilms produced
by Pseudomonas and Rhodococcus species. Some details about the biology, uses,
and pathogenicity of these bacteria will be explained.

Later on, this review will analyse the physical models that are often applied
to describe the attachment of bacterial cells to surfaces, like thermodynamic and
colloidal approaches.

This chapter will finish with a description of experimental techniques that re-
late the biological behaviour of the cells to the framework of the physical models.
These techniques will include macroscopic methods, like contact angle and mi-
crobial adhesion to hydrocarbons, and microscopic methods, like scanning force
microscopy, to study the topography and behaviour of single organisms.

2.1.1 The Gram stain

This literature review will start by explaining some key distinctions between Gram
negative and Gram positive bacteria, since the present thesis deals with organisms
that belong to both categories.

In the 1880’s, the Danish scientist Hans Christian Gram, while studying bacte-
rial colonies attached to lung samples, devised a method to visualise bacteria more

6
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easily, by staining them with crystal violet. He observed that after washing some
samples with ethanol, the organisms retained the violet dye, whereas in others
the dye faded away with the treatment. At that time, the results of this study
were not appreciated or understood, and it took several years to realise that the
differential uptake of the crystal violet dye was related to a fundamental difference
between the cells. Even though H. C. Gram did not design this staining protocol to
distinguish between different classes of cells, nowadays the Gram stain is a typical
and widely used method, used to classify bacteria according to the properties of
their cell walls [17].

Those organisms that retain the purple dye are known as Gram positive bac-
teria. They have thick peptidoglycan layers, rich in lipoteichoic acids or lipogly-
cans. Lipoteichoic acids predominate in the Firmicutes lineage (e.g. Bacillus spp.,
Streptococcus spp. and Staphylococcus spp.), whereas lipoglycans predominate in
Mollicutes and Actinobacteria (e.g. Rhodococcus spp.) A cross section of the Gram
positive cell wall is depicted in Figure 2.1.

Periplasmic Space
Cell

Membrane

Gram Positive Bacterium

Peptidoglycan

Teichoic Acid

Lipoteichoic Acid

Capsular polysaccharide

Phospholipids

Protein

Figure 2.1: Example of the structure of a Gram positive membrane. n.b. Not all
Gram positive cells have lipoteichoic acids, some have lipoglycans instead. Simi-
larly, teichoic acids are not present in all the Gram positive species.
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The organisms that do not retain the crystal violet during the Gram stain, are
said to be Gram negative. After the crystal violet has been washed away with
ethanol or acetone, the cells appear colourless, thus being difficult to visualise. To
improve visibility, a counterstain, like safranin is added, making the cells red or
pink. Gram negative cells have a much thinner peptidoglycan layer, as compared
to Gram positive cells. They possess a more complicated cell structure that in-
cludes inner and outer membranes, separated by the periplasmic space. The outer
membrane contains lipopolysaccharides (LPS) in the outer region and phospho-
lipids in the inner region. Lipoproteins can be found attached to a polysaccharide
backbone. In addition, porins can be found, which are barrel proteins that allow
passive diffusion of molecules. In Gram negative cells, no lipoteichoic acids or
lipoglycans are present. Common examples of this type of cells are Haemophilus
influenzae, Vibrio cholerae, Escherichia coli and Pseudomonas aeruginosa. Details
of the cell wall of this organisms can be seen in Figure 2.2.

Porin

Lipopolysaccharide

Periplasmic Space

Phospholipids

Peptidoglycan

Lipoproteins

Membrane proteins

Cell

membrane

Outer

Membrane

Layer

Gram Negative Bacterium

Capsular polysaccharide

Figure 2.2: Gram negative membrane structure.

The present thesis deals with the study of the Gram negative organisms Pseu-
domonas Pse1 and Pse2, and the Gram positive bacteria Rhodococcus spp. Rc92
and Rc291. Particular details about the biology of these microbes can be found in
Sections 2.2.2 and 2.2.3.
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2.2 Biological perspectives of bacterial adhesion

For most of the history of microbiology, microorganisms have been thought of as
free floating, planktonic organisms, growing independently from each other in a
suspended form. However, microbes accumulate at surfaces and interfaces forming
conglomerates known as biofilms. Biofilms can be defined simply and broadly
as communities of microorganisms that are attached to a surface, by means of a
matrix composed by water and biopolymers. A concerted effort to study microbial
biofilms began only few decades ago with the discovery that, in natural aquatic
systems, bacteria are found predominately attached to surfaces [18].

In the first half of the XX century, Heukelekian and Heller found that the
metabolic activities of marine microorganisms were improved when they were at-
tached to surfaces, enabling bacteria to grow in situations where otherwise nutri-
ents are too dilute for them to assimilate [19]. Some years later, ZoBell reinforced
this idea by discovering that there were many more microorganisms attached to
solid surfaces than floating freely in marine environments [20].

The term biofilm was first introduced by Costerton in 1978 [21], and since
then, the presence of biofilms has been identified in many natural environments,
where nutrients and surfaces are available. Biofilms comprise organisms that dif-
fer from their planktonic counterparts in terms of the genes that they transcribe.
Their association to the biofilm confers them an increased protection against en-
vironmental stresses. This mode of life is so successful that it has been estimated
that over 99% of microorganisms on Earth can be found within the confines of a
biofilm [22].

In most biofilms, the microbes account for less than 10% of the total mass of
the biofilm. The rest is made of a nutrient rich matrix known as extra-cellular
polymeric substances (EPS). The EPS matrix supports the life of a bacterial com-
munity and plays a wide variety of roles. This slime keeps the cells together, and
the close proximity between them allows intercellular communication, in the form
of exchange of genetic information and quorum sensing (i.e. ability of bacteria
to sense the cell density in the vicinity, through the accumulation of signalling
molecules). The biofilm matrix is also very rich in nutrients and enzymes, that
can be utilised by the members of the community.

Inside a biofilm, often a very complex architecture can be found, giving me-
chanical stability to the conglomerate, and thus being able to resist shear forces in
flowing water environments. The matrix will also protect against external threats,
like antibiotics, phagocytosis, and disinfectants [23].
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The mechanism of bacterial biofilm formation can be exemplified by describ-
ing one of the most studied surface-associated organisms, Pseudomonas aerugi-
nosa [18]. Figure 2.3, shows the mechanism in which biofilms are formed in an
aquatic environment. The cycle starts with free swimming cells (Figure 2.3a)

Figure 2.3: Representation of the structure of a mature P. aeruginosa biofilm.
The mature biofilm comprises mushroom-shaped micro-colonies of bacteria that
are surrounded by an extra-cellular polysaccharide matrix and separated by fluid-
filled channels [18].

swarming towards a solid surface, triggered by certain environmental cues, like a
high concentration of nutrients in the surrounding medium. The cells will then mo-
bilise, aided by their flagella, Brownian motion or a chemotactic process, towards
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the surface. This surface might not be bare, but coated in organic compounds and
conditioned for the reception of the cells. It is known that carbohydrate-coated
substrates facilitate the attachment of marine microbes to surfaces, and that sali-
vary films promote the attachment of oral bacteria to glass slides [24]. When the
cells approach, their motility is reduced and their surface polymers establish a
temporary contact with the substrate. This step is known as docking or secondary
minimum adhesion (Figure 2.3b).

The cells are now physically adsorbed to the surface and are able to roll, creep
and move laterally aided by their appendages, or they might even resume their
planktonic life. The adhesion is only consolidated when they get very close to
the surface and they overcome electrostatic repulsions; microbes bear normally
negative charges and mineral surfaces often also possess a negative charge. This
repulsion might be overcome by specific molecular interactions, and be aided by the
appendages, which have a different chemical composition, shifting the equilibrium
towards adhesion.

In this attached form, the bacteria will creep laterally, aided by either their
flagella or pili, until they find more cells to form a microcolony. At this point they
will begin to exude a slime or EPS. This viscoelastic matrix will surround the cells
and consolidate the adhesion process. The cells are now irreversibly bound to a
surface through a series of steps known as locking or primary minimum adhesion
(Figure 2.3c). At this point the cells are clustered together, in close proximity with
each other and with the surface, and they start to stablish specific receptor-ligand
bonds with the material. Some studies suggest that while undergoing permanent
attachment to the surface, the cells start a physiological transformation that en-
ables them to settle in a place where they are not free floating any more, but
they have close contact with many neighbours. They differentiate into an asso-
ciated form, expressing large quantities of exopolysaccharides and repressing the
synthesis of flagella, to create a more stable biofilm (Figure 2.3d).

Once the micro-colony is formed, the bacteria start to grow in a three dimen-
sional fashion, until they reach structural maturity, a process that can take many
days. A mature biofilm has a complex architecture that includes channels and
pores, in which water, ions, nutrients and signalling molecules, circulate. There
is an optimum flow through the channels that allows the perfusion of substances
rather than the erosion of the matrix (Figure 2.3e). It has been through the ad-
vancement of confocal microscopy that it has been possible to elucidate the three
dimensional structure of biofilms.

A biofilm is not a motionless pile of attached cells, but a dynamic microbial
community, where many dynamic processes occur, like enzymatic reactions, genetic
exchange, accumulation of substances, red-ox reactions, signalling and chemotactic
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processes, due to gradients of pH, pO2 and nutrients. The nature of the cells inside
the biofilm is heterogeneous; while the cells on the surface are more exposed to
oxygen, the cells in the centre might even switch to an anaerobic mode of growth.

The presence of an EPS layer is very advantageous for survival, because it pro-
tects the cells against ultraviolet radiation, antibiotics and other external threats.
It also modifies the biodegradative capabilities and the production of metabolites.

When the environment ceases to support the biofilm, due to a scarcity of nu-
trients or excess of waste, the bacteria will respond to the detachment signals, and
the equilibrium will shift in favour of dispersal. The outermost layer begins to
generate planktonic organisms, which once again will switch on the genes respon-
sible for the alteration of their phenotype, to be in optimal conditions for a free
floating life (Figure 2.3f).

The signals that lead to the detachment of cells need to be studied in more
detail. Starvation is thought to be the major cause for the detachment of cells
to the planktonic form, but other signals might also influence the dispersal of the
biofilm. For instance, in P. aeruginosa the overexpression of the enzyme alginate
lyase triggers detachment. In P. fluorescens, the quantity of EPS is reduced after
extended periods of time, leading to a slow dispersal of the biofilm [18].

The aforementioned process is applicable to the formation of biofilms in water-
saturated or aquatic systems. Biofilm formation where the presence of water is
transient, like in soils or mineral surfaces, will vary from this description [25].

2.2.1 Biofilm formation in different species

Biofilm formation in Pseudomonas

Not all bacteria will form biofilms on the same conditions and with the same
ease; whereas strains like P. aeruginosa and P. fluorescens readily associate to
surfaces, even in the scarcity of nutrients, species like E. coli K-12 and V. cholerae,
do not form a biofilm in a minimum medium, unless supplemented with amino
acids. Conversely, the E. coli O517:H7 strain, which is widely studied due to its
pathogenicity, only associates to surfaces when the nutritional content of the media
is minimum [18]. It is clear that the study of biofilm formation needs to take into
account the biology of the organism, as well as the environmental factors.

Diverse studies of P. aeruginosa have shown that their attachment is dependent
on their flagella and type-IV or motile pili [26, 27]. The attachment can also vary
according to the nature of the lipopolysaccharides (LPS). P. aeruginosa makes
two types of LPS, named A and B band structures. Makin and Beveridge [28]
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showed that mutants defective in the B band of the LPS preferentially adhere to
hydrophobic substrates, and their predilection for hydrophilic surfaces is reduced.

It has been seen that pseudomonads scan the surface, looking for an appropriate
anchoring point. Once the cell is attached, it will continue to propel itself on the
surface, aided by its type-IV pili in a twitching fashion. The twitching motility
leads to the formation of the initial micro-colonies, when many cells congregate in
an optimal location. Once the cells are attached, their gene expression changes. In
P. aeruginosa, the synthesis of the exopolysaccharide alginate is up-regulated five
times more in sessile organisms compared to their planktonic counterparts [18,29].

In P. fluorescens attachment proteins seem to play a key role in biofilm for-
mation; it has been seen that adding proteases triggers the detachment of cells
from the film and that the protein synthesis is needed in the early stages of biofilm
formation [26].

Pseudomonas putida biofilms are very sensitive to starvation signals, quickly
dispersing in response to global carbon deprivation. In the rhizosphere (i.e. the
soil zone surrounding the roots of plants), the natural habitat of these bacteria, the
ability to quickly rearrange in response to a change in the environmental conditions
is beneficial, as bacteria can efficiently reach better niches. The adhesion in this
pseudomonad is controlled by a regulatory protein which is necessary for biofilm
formation in this strain. [30]. Confocal microscopy studies of biofilm formation in
P. putida reveal that during the early stages of biofilm formation single cells and
micro-colonies dominate the surface. After 24 h, small and irregular micro-colonies
transform into neatly arranged circular colonies, which during the following days
extend vertically to form pillars. After 48 h, about 80% of the available surface
has been covered [31].

Andrews et al. [24] studied the biofilm formation behaviour of Pseudomonas
Pse1 and Pse2 on polystyrene, tissue culture-treated polystyrene and quartz, which
are substrates that have a different value of hydrophobicity. In Figure 2.4 it can
be appreciated that Pse1 adheres to surfaces considerably more than Pse2; Pse1
adheres primarily to hydrophobic polystyrene. Pse1 is hydrophilic (MATH score,
adherence to n-decane of 17.53%), and Pse2 is more hydrophobic (MATH score,
adherence to n-decane of 33.13%) so it is clear that hydrophobicity does not relate
to adhesion to substrates in every case. Raman spectroscopy showed multiple
peaks associated with the presence of nucleic acids for the sessile organisms, and
these peaks had increased with respect to their planktonic counterparts, suggesting
that DNA might play a role in biofilm formation. More on the role of extra-cellular
DNA in the biofilm forming abilities of Pseudomonas species will be said in Chapter
5.
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Figure 2.4: Attachment of Pseudomonas Pse1 and Pse2 to three surfaces with
different hydrophobicities. Cells were grown for 48, 96 and 144 h in 96-well plates
made of PS: polystyrene, PSTC: tissue culture-treated polystyrene and Q: quartz.
The cells were grown at 20 ◦C in AB10 medium with 2 mM glucose as a carbon
source. The graphs show the retention of crystal violet, and the micrographs are
confocal microscopy images of the biofilms dyed with SYTO9 at 96 h of growth.
The colony morphology is indicated as M: monolayer, MC: micro-colonies and C:
colonies. Image adapted with permission of [24]. Copyright (2010) John Wiley
and Sons.

Biofilm formation in Rhodococcus

According to Sivan et al. [32], the biofilm architecture of Rhodococcal biofilms is
not that different from the model that has already been explained for Pseudomonas
aeruginosa. R. ruber has been seen to form three dimensional, mushroom-shaped
colonies on polyethylene after a few hours of incubation. In this experiment, the
plastic polyethylene was used not only as a substrate, but also as a carbon source,
yielding a complex biofilm in less than 24 h. The biofilm extra-cellular matrix was
rich in polysaccharides and proteins; the former had a maximum concentration
after 20 days of incubation, whereas the latter peaked at 10 days. The viability of
the cells was monitored for these experiments, showing that even after 60 days of
incubation the majority of the cells were alive. The cells were highly hydrophobic,
and it is thought that they increased hydrophobicity in response to starvation
signals, and to enhance their attachment to the surface. The bacteria degraded
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the polyethylene at a rate of 0.86% per week, making this strain a valuable tool
for plastic biodegradation in natural environments (Figure 2.5).

Figure 2.5: Rhodococcus ruber C208 biofilm formation on a polyethylene surface.
(a) Micro-colonies formed on polyethylene after 8 h incubation. Scale bar = 1
µm (b) Mature biofilm after 20 h of incubation, showing a mushroom shaped
pillar. Scale bar = 1 µm. (c) Biofilm after 60 days of incubation, stained with
SYTO9/propidium iodide, Live/Dead Baclight® incubation kit. The green cells
are alive, and the red cells are dead. Scale bar = 5 µm. Images adapted with
permission of [32]. Copyright (2006) Springer .

Andrews et al. [24] studied the formation of biofilms of Rhodococcus spp. 92
and 291 on polystyrene, tissue culture-treated polystyrene and quartz, substrates
selected due to their differences in hydrophobicity. These bacteria were obtained
from polluted aquifers, and the surfaces were selected for their hydrophobic and
electrostatic properties, with the aim to understand potential properties of rock-
forming minerals, which are the principal habitats of bacterial cells in groundwater
systems. As seen in Figure 2.6, Rc291 attached to surfaces more substantially than
Rc92. Rc291 showed an increased preference to hydrophobic polystyrene.

Van Loosdrecht et al. [33] pointed out that bacterial adhesion is controlled by
the hydrophobic interactions between the surface of bacterial cells and their sub-
stratum. Since rhodococci are hydrophobic organisms, due to their mycolic acid
rich cell wall, and hydrophobic bacteria tend to adhere to hydrophobic materi-
als [34, 35], it was thought that a difference in hydrophobicity might explain the
differential behaviour of these two strains. The hydrophobicity of Rc92 and Rc291
was measured using the MATH score (microbial adhesion to hydrocarbons), parti-
tioning the bacterial cells between an aqueous phase and n-decane. Rc291 (76.9%
adherence to n-decane) was somewhat more hydrophobic than Rc92 (47.9% ad-
herence to n-decane) [36]. Such a difference cannot account for the very dissimilar
behaviour in the presence of polystyrene.
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Figure 2.6: Attachment of Rhodococcus spp. 92 and 291 to three surfaces with
different hydrophobicities. Cells were grown for 48, 96 and 144 h in 96-well plates
made of PS: polystyrene, PSTC: tissue culture-treated polystyrene and Q: quartz.
The cells were grown at 20 ◦C in AB10 medium with 2 mM glucose as a carbon
source. The graphs show the retention of crystal violet, and the micrographs are
confocal microscopy images of the biofilms dyed with SYTO9 at 96 h of growth.
The colony morphology is indicated as M: monolayer, MC: micro-colonies and C:
colonies. Image adapted with permission of [24]. Copyright (2010) John Wiley
and Sons.

With the aim of understanding the role of lipophilic compounds on the at-
tachment of these two strains and to visualise hydrophobic compounds, the stain
Nile Red was used. Nile Red fluoresces in red in the presence of polar lipids, and
fluoresces yellow with non-polar lipids. Confocal images of the biofilms formed by
Rc92 and Rc291 and stained by Nile Red, and the nucleic acid stain SYTO9 are
shown in Figure 2.7.
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Figure 2.7: Confocal microscopy images of Rhodococcus 92 and 291. Images A
and B show biofilm and planktonic cells, respectively, of Rc291. Images C and D
show biofilm and planktonic cells, respectively, of Rc92. The images were acquired
after 96 h of incubation. The insets on top of the colour composites show, from
left to right, the individual emission channels as follows: the cyan inset shows the
DNA stained with SYTO9. The yellow inset shows the non-polar lipids, stained
with Nile Red. The red inset shows the polar lipids, stained with Nile Red. The
arrows in A show non-polar lipids enriched regions. Scale bars: 10 µm. Image
adapted with permission of [24]. Copyright (2010) John Wiley and Sons.
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Taxonomy of Rhodococcus

Kingdom Bacteria
Phylum Actinobacteria
Order Actinomycetales
Suborder Corynebacterineae
Family Nocardiaceae
Genus Rhodococcus
Strains 92, 291

Common species: R. equi, R. erythropolis, R. fascians, R. globerulus, R.
luteus, R. maris, R. opacus, R. rhodochrous, R. ruber

Table 2.1: Taxonomy of Rhodococcus.

Rc291 formed extensive biofilms on polystyrene which included 20–30 µm pil-
lars of cells (Figure 2.7a). The Nile Red stain revealed that both types of lipids are
closely associated to the surfaces, and only few regions are predominantly rich in
non-polar lipids, as shown by the arrows. Figure 2.7b, shows the Rc291 planktonic
cells appearing as small clusters with few regions of non-polar lipids.

Rc92 (Figure 2.7c) showed little biofilm formation, with the cells appearing
as long chains. These chains have areas of non-polar lipids in one of their ends.
On the other hand, it is possible to appreciate the striking difference with the
planktonic cells depicted in Figure 2.7d: the cells are surrounded by large amounts
of lipophilic material and yellow clusters of non-polar lipids.

Figure 2.7 proves that despite having the two strains similar hydrophobicity,
they produce distinct lipophilic materials that are associated to the cells in different
manners. This seems to influence their biofilm forming behaviour. Rc291, which
has both polar and non-polar lipids closely associated, attaches extensively to
surfaces and to other bacterial cells. Rc92, on the other hand, produces vast
amounts of these lipids, but they are released into the medium as they are not
tightly associated. This facilitates the formation of clusters in suspension and
avoiding their attachment to the polystyrene surface. Raman spectroscopy of the
bacterial cells supports the idea that the strains produce different types of lipids,
which also varied markedly between sessile and free floating cells.
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2.2.2 Rhodococcus in nature

Rhodococci are nocardioform actinomycetes, non-motile, aerobic organisms gener-
ally found in either a coccoid or short rod form. They are Gram positive bacteria
and as such their cell wall is characterised by an outer thick peptidoglycan layer
abundant in lipoglycans (e.g. lipoarabinomannan) that covers the cell membrane.
Lipoglycans are amphiphatic lipids with a neutral polysaccharide core and a neg-
atively charged lipid anchor. The taxonomical description of Rhodococcus can be
found in Table 2.1 and a diagram of their cell wall in Figure 2.8.

Rhodococcus also belong to the suprageneric bacterial group Mycolata, which
is characterised by the presence of mycolic or α - branched- β - hydroxylated fatty
acids in the cell walls. These aliphatic long chain molecules (depicted in Figure
2.9) are, in most cases, the ones that confer hydrophobicity to the cells, providing
them with low permeability to hydrophilic biocides and a superb protection against
dehydration and environmental injuries.

The cell envelope of Rhodococcus is made up of mycolic acids connected to ara-
binogalactan moieties; these cell wall polysaccharides are covalently attached to
peptidoglycan on their other end. The outer cell wall of rhodococci bears surfac-
tant groups, like trehalose dimycolate, which confer them assimilatory capabilities
(Figure 2.8).

The peptidoglycan is A1γ type (i.e. the peptides are directly crosslinked with
the mesodiaminopimelic acid) and the arabinogalactan is linked to the peptido-
glycan by an l-rhamnose-d-N -acetylglucosamine phosphate. Proteins are also
anchored to the peptidoglycan.

The mycolic acid-arabinogalactan-peptidoglycan assembly confer special char-
acteristics to Rhodococcus and other mycolata [39]. The size and branching of
the mycolic acids differs with the species, growth stage and conditions of cul-
turing [35, 38, 40]. Mycolic acids of Rhodococcus typically have lengths of 28–54
carbons in total. The side alkyl chain is typically saturated, spanning from 10 to
16 carbons, whereas the main meromycolate chain is typically longer, having up
to four unsaturation sites (Figure 2.9).

Rhodococcus species are known to produce trehalose-containing glycolipid bio-
surfactants (Figure 2.10), which reduce the surface tension of water and allow the
permeabilisation of the lipid barrier, for the uptake of long chain hydrocarbons by
the bacterial cell [41]. The type and quantity of these surfactants depend on the
growth conditions and the carbon source. Their role has been primarily associated
with the pseudo-solubilisation of alkanes, for them to be used as carbon sources,
but also are known to be released into the culture medium, modifying the cell
surface hydrophobicity of the cells, and enhancing their attachment to hydrocar-
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Figure 2.8: Rhodococcus cell wall membrane. The squares labelled as bridge rep-
resent the l-rhamnose-d-N -acetylglucosamine phosphate bonds. Image inspired
from references [37, 38].

bons. The trehalose dimycolates themselves, have found application in the fields
of medicine, bioremediation and industry [42–46].

The rhodococcal cell wall also has non-covalently linked elements embedded on
the cell walls, like porins, lipoglycans and lipoproteins, among others (See details
in Figure 2.8). Channel forming porins allow the accumulation of hydrophilic
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Figure 2.9: General formula of a mycolic acid (b) Mycolic acid present in R.
erythropolis. x+ y = 18− 40 carbons [37].
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Figure 2.10: Trehalose dimycolate present in R. erythropolis. m+n = 27−31 [47].

solutes that need to cross the lipid permeability barrier. Rhodococcus organisms
have lipoglycans, in the form of lipoarabinomannan, whose role has been related
to the optimal growth of the cells. Lipoproteins can also be found embedded into
the inner cell wall or associated to the outer wall. They are related to mechanisms
of transportation and red-ox reactivity of the cell.

The genus Rhodococcus is widespread in nature and includes species capable
of metabolising a vast range of hydrophobic compounds, such as aromatic and
aliphatic hydrocarbons, heterocyclic compounds, nitriles, herbicides, chlorinated
phenolic compounds, lignin, coal and petroleum, among others. This is why bio-
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processing systems employ Rhodococcus for several environmental applications.
The ability to degrade this wide variety of compounds is due to the chemical ar-
mamentarium that this organism is equipped with, like enzymes (e.g. steroid ring
opening enzymes [48] and dechlorination proteins [49] to name a couple) and sur-
face active glycolipids [42]. Rhodococcus is therefore regarded as one of the most
promising organisms in bioremediation [43], microbial enhanced oil recovery [50]
and a useful aid in chemical synthesis in industry [51].

On the other hand, some members of this genus are known to be opportunistic
pathogens for animals, plants and humans. Of special importance is Rhodococcus
equi, which causes pneumonia in horses, goats and pigs. Other veterinary con-
ditions associated to these bacteria are enteritis, lymphadenitis and abortion. It
can also infect immunodeficient humans such as HIV patients, causing pulmonary
infections, peritonitis and skin infections [52].

In waste-water treatment plants, the genus Rhodococcus is partly responsible
for foaming and scum formation, which affect the proper functioning of the water
tanks [35]. The cell surface hydrophobicity and filamentous growth of this genus
are responsible for the formation of very stable foams that increase operating
costs and reduce the performance of these plants. Similarly, it has been seen
that in the presence of hydrocarbons, the colonies of Rhodococcus undergo colony
morphotype changes that have been associated with the formation of scum [34,53].
It is vital to understand the role of cell surface hydrophobicity and the effects of
growth conditions, in order to develop the best control strategy and maximise the
remediation output [35,54,55].

Diverse colony morphotypes have been observed for Rhodococcus. Iwabuchi et
al. [53] investigated the distinction between rough and smooth colonies. Rough
colonies show an increased preference for surface adhesion. They are normally hy-
drophobic (more than 70◦ in the contact angle measurement (CAM)) organisms,
which adhere to liquid hydrocarbons as well as hydrophobic (Teflon, 108◦ CAM)
and hydrophilic surfaces (Quartz, 30◦ CAM). Mucoidal strains are hydrophilic
(25–45◦ CAM) and prefer to stay in suspension and produce EPS with hydrophilic
characteristics. The authors found that the overproduction or addition of EPS
to rough hydrophobic Rhodococcus strains hindered the attachment of the cells
to surfaces. They hypothesise that this process might be relevant in natural en-
vironments, where the temporal overproduction of EPS hinders the adhesion to
substrates and translocates the cells to more favourable niches [53].
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The fact that in some cases EPS seem to aid the bacterial attachment to sur-
faces, and in some case hinder it, might be due to the fact that a loose terminology
is used in the description of the extra-cellular substances; they can vary substan-
tially in composition, hydrophobicity and degree of association to the cell. Tightly
bound EPS behave differently than a diffuse EPS layer.

Microbial adhesion is understood as the process of attaching bacterial cells
that are in an aqueous suspension onto a solid or liquid substrate. This process
can be reversible in the first stages of adhesion, and irreversible, once complicated
chemical interactions between the cell and the surface have taken place [56,57].

Adhesion to solid or liquid hydrocarbons is a common strategy that microbes
use in conditions of nutrient deficiency. Certain microbes, with the aid of bio-
surfactants, can metabolise long-chain hydrocarbons. In order for a microbe to
assimilate these compounds efficiently, it has to attach to the oil-water interface,
by reducing the effective distance between the cell and its nutrient source. Since
the degradation of nutrients takes place inside the cell, the bacterium needs to
integrate these long molecules to the cell by a process of diffusion. Hence, the
bacterium needs to have an adequate cell envelope that facilitates the adhesion
to hydrophobic surfaces. It has already been stated that bacterial cells possess
in their outermost membrane an array of lipids, proteins, polysaccharides, as well
as extra-polymeric substances with varied composition and adhesive appendages,
that can bridge the gap between the cells and the substrates [58].

The presence and chain length of mycolic acids in coryneform bacteria, includ-
ing hydrocarbon degrading Rhodococcus spp., was found, in this case, to correlate
well with cell surface hydrophobicity [40]. Other authors [35], however, failed to
see a clear relationship between mycolic acid length and overall cell surface hy-
drophobicity.

Rhodococci are well adapted to the presence of hydrocarbons in the environ-
ment. Some strains can emulsify hydrocarbons by producing biosurfactants. The
emulsification of long-chained carbon compounds makes them available to the bac-
terial cells, and allows them to be included inside the cell membrane and used as
carbon sources. Rhodococcal cells, being hydrophobic, can adhere to the interface
between water and liquid hydrocarbons; if they are not hydrophobic enough, they
can tailor their surfaces by changing the degree of saturation of their cell mem-
branes, modifying the cis/trans ratio or modifying the length of the carbonated
chains [34]. For instance, Sivan et al. [32] have studied the biofilm formation of
the strain Rhodococcus ruber C208, whose sole carbon source is polyethylene. This
is very advantageous, as this plastic is a common soil pollutant.
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Taxonomy of Pseudomonas

Kingdom Bacteria
Phylum Proteobacteria
Class Gammaproteobacteria
Order Pseudomonadales
Family Pseudomonadacea
Genus Pseudomonas
Species 1, 2

Common species: P. aeruginosa P. syringae, P. fluorescens, P. fragi, P.
gessardi, P. jesseni, P. corrugata, P. stutzeri, P. oleovorans

Table 2.2: Taxonomy of Pseudomonas.

2.2.3 Pseudomonas in nature

Pseudomonads are Gram negative γ-proteobacteria, with a very versatile meta-
bolism. They are chemoorganotrophs, with a respiratory metabolism but in some
cases they can adapt to anoxic conditions, using NO–

3 and NO–
2 as terminal electron

acceptors [59]. They are straight or curved rods, with dimensions 1.5– 4 µm by 0.5–
1 µm. They are motile by means of polar flagella. Some strains produce pigments
that are of particular interest as they are highly coloured or fluorescent [60]. Their
taxonomic description can be found in Table 2.2.

Pseudomonads have been studied since the XIX century. The term Pseu-
domonas was given by Migula [61] because of the resemblance of this bacteria with
the nanoflagellate protists Monas. Since they were first systematically studied by
den Dooren de Jong [62] it was discovered that they had a remarkable nutritional
versatility; they can use a wide variety of carbon, nitrogen and phosphate sources,
even if these proceed from toxic xenobiotic substances [63]. Pseudomonads are easy
to grow in lab conditions, even in nutrient-poor media, or at low temperature.

The literature is particularly rich in references to Pseudomonas aeruginosa, P.
fluorescens and P. putida. Pseudomonas aeruginosa is a metabollically diverse op-
portunistic pathogen that is among the leading causes of nosocomial (i.e. hospital
acquired) infections, along with the bacteria S. aurueus, Enterococci spp., Enter-
obacter spp., Klebsiella pneumoniae, E. coli and the fungus Candida albicans [64].
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P. aeruginosa is found in terrestrial and aquatic environments. It is a common
opportunistic pathogen that infects immunocompromised patients, causing urinary
tract infections, respiratory problems, bacteremia and infection in compromised
tissues (i.e. burnt or scarred), infections in joints and tissues and gastrointestinal
infections, among others.

P. aeruginosa is particularly pernicious in cystic fibrosis patients, where it
provokes chronic infections. Cystic fibrosis is a genetic disorder that affects most
critically the lungs, but it can also affect other parts of the body, like the gas-
trointestinal system. It is characterised by an abnormal transport of Cl– across
the epithelial cells, which leads to an increased secretion of a thick mucus and
an inflammation of the airways. This mucus is readily and chronically infected
by several strains of bacteria, of which P. aeruginosa has the highest prevalence,
particularly in adult hosts. The pseudomonal infection contributes to the inflam-
mation and damage of the lungs of the patient, which might ultimately need to be
replaced by a transplanted organ [65].

Pseudomonas anchors firmly to the surface of the mucoid tissue or the lung
cells by means of adhesion promoting structures, like pili and flagella. Once the
infection is well established and a mature biofilm has developed on the lung, these
structures are lost. Other structural and chemical changes occur as a result of
the maturation of the biofilm, that enables them to survive, despite the host
defence strategies and repeated courses of antibiotics. Pseudomonads produce
extra-polymeric substances that include enzymes that cleave immunoglobulines
and exotoxins that prevent phagocytosis. Moreover, the cells adhered to cystic
fibrosis patients’ lungs are hypermutable and as such they have the ability to
adapt quickly to the environment and switch genes on and off. If the cells are
found in anoxic conditions, or if the nutrients are scarce, the production of the
polysaccharide alginate (Figure 2.11) is increased, encasing them and protecting
them against the host defence mechanisms. This exacerbates the inflammation and
causes the deterioration of the health of the carrier. Pseudomonas biofilms on the
lungs ensure the persistence of the cells in the organism and thus the understanding
of the mechanisms of adhesion is key in the alleviation of the infection in cystic
fibrosis patients [65].

The growth and initial formation of Pseudomonas biofilms is regulated by a
process known as quorum sensing (QS). QS involves the production of chemical sig-
nals that allow the communication between cells, regulate the expression of genes,
control the population density, and promote phenotypic changes. In P. aeruginosa
QS is essential for adhesion and for the development of virulence factors. These
bacteria, like other Gram negative ones, are known to produce acyl homoserine
lactones (AHLs) signal molecules, which diffuse freely through the bacterial cell
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Figure 2.11: Alginate structure. Alginate is a polysaccharide produced by many
types of bacteria, including Pseudomonas. It is a linear copolymer of 1–4-linked
β-d-mannuronic acid and C-5-epimer α-l guluronic acid. It is used in industry as
a common gelling agent.

membrane; due to this process, the concentration of the AHLs inside and outside
the cell is the same, allowing the bacteria to sense other organisms in the vicin-
ity [66]. The mechanisms of virulence and biofilm formation in P. aeruginosa are
regulated by an intricate network, composed by signalling molecules and recep-
tor proteins [67]. These regulatory mechanisms make this strain a very successful
organism, often resistant to common antibiotics.

Pseudomonas putida is a saprophytic species, which has a more diverse trans-
port and metabolic systems than Pseudomonas aeruginosa, being able to use a
wider variety of C and N sources. These two species have very similar genomes,
but the former lacks the aggressive virulent factors of P. aeruginosa, like the ex-
otoxin A and type III secretion systems [68]. Its safety and metabolic diversity,
allow its use in many areas of human interest, like bioremediation, biocatalysis,
agriculture and in the production of biodegradable plastics [69].

Of particular notoriety is the strain P. putida KT2440, which has been de-
clared as a certified biosafety strain (i.e. a non-preferred host, generally regarded
as safe, that lacks virulent factors) and can be used as a host for cloning and
gene expression of other Gram negative bacteria. This strain has an exceptional
metabolic diversity due to a very high number of enzymes and transporters of
metabolites [68].

P. putida is ubiquitous in the environment, and is often associated to soils and
aquatic biomes, but can also be found in clinical specimens. Even though it is
part of the human oropharyngeal flora, it can infect immunocompromised cancer
patients, causing septicaemia [70].

P. putida finds a lot of uses in bioremediation, due to its fast growth kinetics,
the ability to grow in a wide range of temperatures and pH and in very polluted
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environments. This strain thrives is aquifers contaminated with phenolic effluents
produced by industries that produce textiles, dyes, petroleum derivatives, explo-
sives, plastics, and pharmaceuticals. Phenol and some of its derivatives are toxic
for the aquatic fauna, even in low concentrations and are know to be carcinogenic
in humans. P. putida is known to degrade phenol by enzymatically cleaving the
phenyl ring [71–73].

2.3 Conditioning film formation

Surface biofouling is described as the build-up of organic and inorganic compounds
that are either present in a particular environment, or actively secreted by microor-
ganisms with the intention of strengthening the microbes’ bonds with the surface.
Before cells start adhering to the surface, a process known as conditioning occurs,
in which molecules coat the majority of the surface.

In natural aquatic environments, the aqueous media contains a great variety
of chemical substances that include polysaccharides, proteins, ions, fatty acids
and other products of decomposition. Every solid surface that forms part of this
ecosystem will undoubtedly be covered by a myriad of substances. If a clean
solid surface is introduced, the biofouling process readily starts. If this surface
bears a charge, an electric double layer will immediately be formed, minimising
the surface’s interfacial energy.

According to Compère et al. [76] proteins are the next to approach the surface,
and constitute the majority of the conditioning layer. Protein coverage will shortly
be followed by polysaccharides. Other substances have been found to be present
in this primary film, spanning from lipids to nucleic and humic acids (n.b. humic
acids are a mixture of carboxylic acids with phenolic functionalities which are the
major constituents of natural organic matter in soil, lakes and ocean water).

The conditioning film will change the surface’s characteristics, including its
roughness and chemical properties. Specific microbial receptors (e.g. lectin/carbo-
hydrates) might be part of the conditioning films and these can select for the
colonisers and trigger biological responses in them. For instance, films covered
by alginate, which is a polysaccharide and a polyelectrolyte, stimulate biological
changes in bacterial cells in the plankton (e.g. in Pseudomonas).

Once the surface has been coated by proteins, carbohydrates and other macro-
molecules, bacteria are able to attach to the surface. Finally, in marine and other
aquatic environments, the highest scale of biofouling will be characterised by the
attachment of major organisms, like barnacles and mussels. The evolution of bio-
fouling at different time and length scales is portrayed in Figure 2.12.
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Figure 2.12: Biofouling at different length and time scales. The first entities to
arrive to a surface are ions, followed closely by proteins, carbohydrates and other
organic substances like lipids and humic acids. Bacterial colonisation follows and
if present other soft foulers like diatoms or algae will be adhered in a matter of
hours. The last organisms to adhere will be hard foulers like mussels, barnacles and
bryozoans. Image adapted from reference [74]. Image of protein taken from [75]
and used under the Creative Commons Licence.
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2.3.1 Protein adsorption to surfaces

Since proteins are the primary constituents of conditioning films, it is important to
mention some aspects of protein layer formation. Initially proteins that are in sus-
pension might approach the surface; if the interactions are attractive and overcome
the present hydrodynamic effects, the protein is transiently or permanently bound
to it. The protein at this point might be able to change its conformation in order
to maximise its attachment to the surface, only if by doing so, gains structural sta-
bility. If it changes its conformation its “footprint” extends over time. The rate at
which proteins spread depends on the supply rate and the surface characteristics.
There will be an equilibrium between the supply rate and the protein spreading
rate, that will determine the kinetics of surface coverage.

If the suspension contains more than one type of protein, other factors come
into play. The size of the various proteins and their preference for the substrate will
determine which protein will adsorb more favourably. This phenomenon is called
the “Vroman effect”, which describes the phenomenon in which the most motile
proteins arrive first to a surface, but then they are displaced by others which have
a higher affinity for the substrate. Hirsh et al. [77] proposed a mechanism for this
displacement, which has been illustrated in Figure 2.13. In this model a second
protein arrives to a surface coated originally by Protein 1 and embeds itself. The
two proteins form a complex in which the aggregate changes conformation and
exposes Protein 1 to the liquid medium. Protein 2, which has a higher preference
for the substrate attaches, displacing Protein 1 and releasing it into the medium.
To this day this is the most accepted mechanism behind the Vroman effect.
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Figure 2.13: Adsorption competition of two different proteins, as proposed using
the transient complex mechanism. The top figure shows the latecomer Protein 2
(red) in its un-adsorbed conformation (spherical) and in its adsorbed conforma-
tion (elongated). Initially the protein embeds itself in the layer of the originally
adsorbed Protein 1 (blue). A complex between the two proteins is formed, which
turns and exposes Protein 1 to the liquid phase. The lowermost image shows Pro-
tein 1 detaching from the surface, and Protein 2 adsorbing to it. Image adapted
from reference [77].
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2.4 Physical perspectives of bacterial adhesion

Bacterial cell adhesion, both between cell-to-cell and cell-to-surface, is a very com-
mon phenomenon. Since these microorganisms are only a few microns in size, the
same theories that in physics are used to describe colloids, can be extrapolated
to understand the movement, sedimentation and adhesion of the individuals of a
bacterial suspension. This approach is valid only to a certain extent, since bacteria
are “living particles” which tend to change their physicochemical properties over
time, since they have metabolic resources at their disposal [78].

The deposition of a colloidal bacterial suspension will be governed mainly by
Brownian motion (BM) and hydrodynamic forces, while the adhesion to a surface
will depend on electrostatic (EL), electrodynamic or Lifshitz-van der Waals (LW)
and polar acid-base interactions (AB) [79].

Lifshitz-van der Waals forces comprise three different interactions that are
closely related in nature: (1) Keesom forces, in which dipole-dipole interactions
are randomly orienting, (2) Debye forces, in which dipole-induced dipole forces
are randomly orienting and (3) London dispersion forces that describe fluctuating
dipole-induced dipole forces. Keesom and Debye forces are present in molecules
with permanent dipoles, while London forces occur in all atoms and are due to
the instantaneous non-uniform distribution of electronic density in the molecule.
These three interactions decay rapidly with increasing distance with a factor of
λ−6 [80] and thus are considered long-range interactions [3].

Hugo C. Hamaker, in the 1930’s proposed his theory of the stability of hy-
drophobic colloids based on these long-range attractive forces and explained it
as a balance between attractive van der Waals forces and repulsive electrostatic
forces. This theory was complemented by Boris V. Derjaguin, Lev D. Landau,
Evert J. W. Verwey and Theo Overbeek, and became to be known as the DLVO
theory, after the last four authors’ surname initials [80]. This theory has been used
since the 1940’s to explain colloidal stability, and since Marshall’s [81] pioneering
work in the 1970’s, as a basis to study the mechanisms of bacterial adhesion. The
classical DLVO theory explains the total interaction between a cell and a substrate
(Eq. 2.1) (∆ETOT), which is the balance between the normally attractive van der
Waals force (∆ELW) and the generally repulsive electrical double layer interaction
(∆EEL):

∆ETOT = ∆ELW + ∆EEL, (2.1)
where ∆ELW can be defined as:

∆ELW = −Ar6d , (2.2)
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where A is the Hamaker constant, r is the radius of the cell, and d is the separation
distance, as illustrated by Figure 2.14.

Figure 2.14: Geometry of the van der Waals interaction between a sphere and a
planar surface.

The double layer interaction is caused by Coulombic forces. In the vicinity of
a charged surface, which is immersed in a ionic solution, there is a build-up of
counter-ions in a section called Stern layer. Outside this region, the neutralisation
diminishes, but there is still a depletion of co-ions. With increasing distance, the
charge accumulation diminishes asymptotically until the electric balance of the
bulk is reached (Figure 2.15). When two objects, which bear a diffuse double layer
are put into close contact, they repel each other. The double layer interaction can
be expressed in terms of the surface potential Ψ, the distance between the surfaces
d, and the Debye length κ, which is related to the ionic strength of the media:

∆EEL ∝ Ψ2e−κd (2.3)

Bacteria have an inherent electrical surface change, due to the ionic end-groups
of the surface macromolecules, and their interaction with the external aqueous
media. When immersed in water, these polymers, if they have the same charge,
will repel each other, with a force that can surpass LW and AB attraction. The
rate of decay of EL interactions depends strongly on the ionic strength of the
surrounding media. If the ionic strength of the medium increases, the thickness
of the double layer decreases, and as a consequence the cells can approach the
surface with sufficient proximity to the surface in a point where the attractive
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Figure 2.15: Aqueous electrolyte near a charged surface, showing a non-uniform
distribution of the electric charges in the vicinity of the surface. The counter-
ions are not rigidly held, but diffuse into the liquid phase until they reach the
concentration of the bulk, as shown in the graph. The Stern model is the most
accurate representation of the diffuse double layer. It assumes that the ions have
a finite size, and thus they can only approach the surface at a certain minimum
distance. The Stern layer is a plane in which the counter-ions are specifically
adsorbed by the surface. Image adapted from [82].

van der Waals forces overcome the repulsive electrostatic interactions [83]. Under
physiological conditions, like NaCl 0.9%, (∼ 0.15 M) EL forces can be felt up to a
distance of 8–10 nm [80] and thus, they are considered long-range interactions [3].
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Figure 2.16: Energy profile of the combined DLVO interactions. Image adapted
from [82].

It has been said that, for adhesion to happen the van der Waals attraction has
to exceed the EL repulsion at small distances. Figure 2.16 shows the interaction
potential that occur between two colloidal particles, or surfaces, combining LW
forces and EL forces. The potential energy minimum at contact is dubbed the
primary minimum which, as it can be seen in Figure 2.16, the energy barrier may
be too high to overcome and attachment through this minimum difficult to attain.
In this case, particles can become attached by reaching the secondary minimum,
if this is low enough, and if not, remain in suspension.
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It was later recognised that other forces also influenced colloidal interactions.
Polar forces (AB), which are neither electrodynamic or electrostatic in nature,
comprise the attractive hydrophobic interaction and its repulsive counterpart, hy-
dration pressure. These energies can sometimes be two orders of magnitude larger
than LW or EL forces, but their range of action is shorter than LW or EL interac-
tions. These interactions are polar in nature, arising from the electron acceptor-
acceptor donor forces, particularly in a polar medium, like water. Hydrophobic
attraction has normally a decay length of 10–15 nm [80]. Other short-range inter-
actions include steric forces, specific ion effects and hydrogen bonding.

Due to the size of the bacterial cells, Brownian motion (BM) has a noticeable
effect on their suspensions. All particles at temperatures higher than 0 K have
a free energy of 3/2kT when they have three degrees of freedom. As mentioned
before, BM will impact their rate of deposition [80].

Van Oss [80] considered the contribution of all of these forces and proposed an
extension of the DLVO theory that accounted for the AB and Brownian motion,
and this is known as the Extended DLVO theory (xDLVO). The AB component
is directly related to attractive hydrophobic interaction and repulsive hydration
effects, and for bacteria can be calculated by comparing their affinity to monopolar
and apolar solvents [84]. The contributions to the xDLVO model can be seen in
Equation 2.4.

∆ETOT = ∆ELW + ∆EEL + ∆EAB + ∆EBM. (2.4)
The profile of the additive effect of the xDLVO forces would have a somewhat
different profile from that portrayed in Figure 2.16 [80]. Nonetheless, the xDLVO
energy profile, would still have a primary and a secondary minimum. Adhesion
through the primary minimum is irreversible, but difficult to attain. In order
to reach this potential well, it is necessary to go up the electrosteric barrier or
reduce it significantly. This can be achieved by lowering the surface potential or
charge; if the ionic strength of the medium is increased, the electrostatic double
layer will decrease in thickness. If this surface charge remains high, even after
raising the ionic strength of the medium, the surfaces will adhere on the shallow
and reversible, secondary minimum.
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2.4.1 xDLVO forces and bacterial adhesion

Bacteria have other ways to overcome the energy barrier for adhesion. For exam-
ple, there might be specific interactions between specific cell-wall components and
substrates, through extra-cellular polysaccharides, membrane macromolecules or
appendages [3].

A colloidal model proposes to treat bacterial cells as bare spheres, but this is far
from accurate, as bacterial cells have an envelope with heterogeneous properties.
For instance, it has been seen in P. fluorescens that lipopolysaccharides (LPS),
major components of the outer membrane of Gram negative cells, aid in the adhe-
sion to surfaces via the formation of hydrogen bonds. When these macromolecules
are truncated, their adhesive properties are changed, making them less adherent to
hydrophilic substrates and more to hydrophobic surfaces [3]. Similarly, the pres-
ence of appendages can modify the overall hydrophobicity of the cell. Fimbriae, for
instance, contain a larger proportion of hydrophobic amino-acid residues, making
them more adhesive to other hydrophobic substrates. Moreover, fimbriae overcome
the initial energetic barrier, facilitating the adhesion of a cell to a substrate, due
to their high affinity for the substrate [85].

In other words, when macromolecules or appendages, like the aforementioned
LPS or fimbriae are present, non specific long-range interactions can be obscured
by specific short-range forces, thus modifying the normal balance of forces that a
DLVO-like model predicts [3].

Similarly, the surfaces of the bacteria in media are not necessarily the same
as the surface of bacteria adhered to another surface. Since microbes change in
response to their environment, the application of a first principles colloidal model
must be treated with care.

Notwithstanding these limitations, the xDLVO theory has been applied suc-
cessfully to the modelling of microbial adhesion by many authors [86–92]. For
instance, Dorobantu et al. [87] used the xDLVO theory as a framework for the
interpretation of the adhesion of Rhodococcus erythropolis, and accounted for the
presence of extracellular adhesive structures.

2.4.2 Hydrophobicity

The hydrophobic effect plays a key role in many biological phenomena, like protein
folding, enzyme-substrate interactions, cell attachment, antigen-antibody interac-
tions, lectin-carbohydrate and the stability of lipid membranes, among others [93].
Since 1973, Marshall and Cruickshank [94] recognised the influence of cell surface
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hydrophobicity (CSH) in bacterial attachment. According to R.J. Doyle is thought
that hydrophobicity is one of the main driving forces for bacterial adhesion, being
perhaps more important than LW or EL interactions [95].

Hydrophobicity is related to the inability of water to dissolve non-polar liquids.
The name hydrophobicity is suggestive of the fear of water and might be mislead-
ing, since the London forces between polar and non-polar liquids are important
and favourable. For the dissolution in water of a non-polar liquid to occur, the
former must penetrate a liquid with a strong cohesive energy, by virtue of the hy-
drogen bonds that water has. Water molecules would rather keep their very stable
hydrogen bonds, which causes a re-orientation of water molecules at the interface
with the apolar liquid [93]. Hence hydrophobic bonds, are not bonds per se, just
a tendency of apolar molecules to remain in contact with each other, rather than
in contact with water.

For a microbe, if it has enough hydrophobic sites on its surface, then it is
possible for it to adhere to a hydrophobic substrate in the presence of water.
Microorganisms rarely possess a completely hydrophobic envelope; they have het-
erogeneous surfaces that might include hydrophobic elements, such as the spore
coats in Bacillus species, peptidoglycan and mycolic acids in Corynebacterium,
Mycobacterium and Rhodococcus species, fimbrial proteins in E. coli, and phos-
pholipids in Vibrio cholerae [95].

2.4.3 Factors that influence bacterial adhesion

Traditionally, bacterial adherence and detachment to surfaces has been determined
by macroscopic methods, which use flow chambers, detachment by air bubbles,
spinning disks or a direct count of adhered cells using stained or labelled cells.
The SFM can be used to assess the adherence of microbes to substrates by either
calculating the lateral detachment force or by investigating the adhesive properties
between the tip and the cell surface. Collectively, it has been seen that there are a
number of factors that influence the degree of attachment of microorganisms, and
these have been summarised in Figure 2.17.

Environmental factors

1. Temperature: Di Bonaventura et al. [96] cultured several strains of the
Gram positive bacteria Listeria monocytogenes in an interval of 4 – 37 ◦C and
found out that the cell surface hydrophobicity increased with temperature,
being up to three times higher at 37 ◦C than at 4 ◦C. Higher hydrophobicity
values were also correlated with an increased attachment to polystyrene, a
hydrophobic material. This is because a change in temperature can alter the
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Figure 2.17: Factors that influence bacterial adhesion.

saturation, length and distribution of cell-membrane bound fatty acids. A
similar effect has been seen for other strains [97].

2. Growth time and media: The studies conducted by Stratton et al. [54], de
Carvalho [98] and Lang and Philp [42] revealed that in Rhodococcus species,
the mycolic acid composition, and hence, the hydrophobicity are affected
by culture age, culture media and carbon source. For instance, Bredholt
et al. [45] studied a strain of Rhodococcus that has been known to degrade
oil. They observed that the hydrophobicity of the cells varied considerably
with culture time, peaking in the exponential phase. Highly hydrophobic
cells adhere better to oil droplets and release emulsifiers, that contribute to
alkane degradation.

3. Ionic strength: Pouran [99] investigated the effects of the increase of ionic
strength in the adhesion of Sphingomonas spp. to mineral surfaces, finding
that the number of cells attached is considerably larger at low salt concentra-
tions (20 mM NaCl) than at high concentrations (200 mM). It is hypothesised
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that at high ionic strengths the membrane biopolymers recoil, making them
less capable of interacting with the surface.

Bacterial Factors

1. Cell surface hydrophobicity and charge: Cells acquire an electric charge
in aqueous media, due to the ionisation of the surface macromolecules; gen-
erally bacteria have a negative charge at the pH of natural environments.
The surface charge does not correlate directly with hydrophobicity, as both
hydrophobic and hydrophilic cells can have high surface charges. Nonetheless
it is more common to find highly charged hydrophilic cells [100]. Bendinger
et al. [40] studied several Rhodococcus strains and other Corynebacterineae
with and without mycolic acids. Their study showed that the length of
the mycolic acid chains was related to the cell surface hydrophobicity; the
shorter the chains, the less hydrophobic the cells are. This study also showed
that the Rhodococcus strains have a relatively high negative surface charge,
compared to other mycolic acid containing bacteria. The negative charges
might arise from the free carboxyl end of peptidoglycan, and from the phos-
phate and carboxylate end of lipoarabinomannan [40]. Other authors [35]
found the correlation between carbon source, mycolic acid composition and
hydrophobicity not to be as clear. It seems that the production of EPS
by some strains, modifies their hydrophobicity and changes their adhesion
to substrates. Studies on other bacterial strains [101] have shown that the
cell surface charge and hydrophobicity are highly dependent on the time
of harvest and on the culture conditions; cell adhesion and aggregation are
multifactorial processes, rendering the comparisons between experiments a
complicated issue.

2. Cell structures: Surface structures such as fimbriae, capsules, flagella and
other polymeric protrusions have remarkable effects in bacterial adhesion.
Although they are not considered in the classical or extended DLVO theo-
ries, which assume cells are spherical smooth particles, they often explain
deviations from the theory. Due to the small diameter of appendages and
unique chemistry, they can pierce the repulsive energetic barriers and pro-
mote irreversible adhesion through the primary minimum. This has been
suggested by analysing the attachment of smooth particles and cells with
appendages, both having the same hydrophobicity and charge, finding that
the latter attach much better to surfaces [102].

3. EPS: EPS are a complex, hierarchically organised and highly hydrated ma-
trix of proteins, polysaccharides, nucleic acids, lipids, humic substances and
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soluble factors. They contribute to attach the cells into the primary mini-
mum, by lowering the adhesion barrier. The effect of this glue cannot easily
be accounted for in the current physical models, but its importance to biofilm
formation is indisputable.
The properties of the extra-cellular matrix depend on the environmental
conditions and the age of the biofilm. The extra-cellular matrix adapts
to changes in the concentration of nutrients, oxygen, temperature, pH and
dessication. Likewise, the EPS composition will depend on the properties
of the surface that the microorganisms are attaching to, like its roughness,
hydrophobicity and charge.
The composition of the EPS matrix will vary according to the type of organ-
ism: in Gram negative bacteria, EPS often bear a negative charge, due to the
presence of anionic polysaccharides, uronic acids or ketal-linked pyruvates.
In some cases the association of these functionalities with cations fortifies
the binding of the matrix. Conversely, the EPS of Gram positive bacte-
ria often contains cationic groups [18]. Furthermore, EPS can be classified
according to their proximity and degree of association with the bacterium:
cell-bound EPS is tighly linked to the cell via covalent or non-covalent bonds,
whereas free EPS or slime is loosely attached. Different extraction methods
can differentiate between these two types of polymers [101].
EPS are thought to bridge the gap between the secondary minimum (re-
versible attachment) and the primary minimum (irreversible attachment),
as described by the DLVO theory [34].

4. Co-adhesion: In a natural environment bacteria live in mixed communities,
where very diverse organisms inhabit in a mixed biofilm. In these consor-
tiums, intrincate symbiotic processes take place. The presence of a particular
strain attached to a substratum can remarkably enhance or weaken the ad-
hesion of a second strain [103].

Substratum factors

1. Roughness: Rough areas and substratum heterogeneities have been found
to increase cellular adhesion [104–108]. Roughened areas, although not ac-
counted for in the DLVO models, might explain the fact that in some cases
cells are not washed away from a substrate, even while resting on the sec-
ondary minimum. Rough surfaces have a greater surface area (i.e. increased
number of contact points with the cell) and their troughs are ideal sites for
colonisation and deposition of nutrients. Some research groups have devised
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methods to create patterned nanorough substrates that immobilise cells in a
desired orientation [109–111].
It is also noteworthy the fact that the maximum degree of fouling does not
necessarily correlate with the highest roughness values; the shape and the
size of the bacteria need to be taken into account [112]. These parameters are
interesting for the creation of hygienic surfaces: in food processing, surfaces
must have an average roughness Ra ≤ 0.8 µm to prevent bacterial attachment
[113], but this parameter might not be accurate for all strains and conditions.

2. Charge and Hydrophobicity: Microbial adhesion depends on the hy-
drophobicity and charge of both bacterium and substratum. As a general
trend, very hydrophilic and negatively charged substrata are very resistant to
the attachment of bacteria, whereas neutral, hydrophobic substrates attract
a larger number of cells. The literature on bacterial adhesion has many ex-
amples of multifactorial experiments, where the hydrophobicity and charge
of the substrate are varied systematically, to assess the influence that they
have on the attachment. Pouran [99] and Andrews et al. [24] studied the
attachment of Rhodococcus Rc291 and Rc92, as well as Pseudomonas Pse1
and Pse2. Their studies show that polystyrene surfaces will be preferentially
colonised by the hydrophobic Rc291, and in lesser degree by Rc92. The
hydrophilic Pse1 and Pse2 colonise mineral surfaces of iron and aluminium
oxides, but also adhere to hydrophobic polystyrene. This proves that bac-
terial adhesion cannot be explained simply in terms of hydrophobicity, and
many other factors contribute to the adhesion.

3. Chemistry: It is possible to tailor the chemical properties of the surfaces
to enhance bacterial adhesion. For example, Gu et al. [114] formed square
patterns of self-assembled monolayers with CH3 terminations, separated by
OH-SAM channels. The bacteria attach to the hydrophobic regions and
interact with bacteria in the vicinity, through the hydrophilic gaps. Other
methods to coat solid surfaces for bacterial adhesion will be amply reviewed
in Chapter 3.
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2.5 Macroscopic methods to measure bacterial
surface properties

There are many methods that can be used to assess the adhesion of bacteria to
substrates. A simple way to assess the preference of a bacterial suspension for
a solid substratum is to count the number of cells adhered to a surface, after a
defined washing step, where unbound cells are removed. A simple flow cell system
can be devised, in which the influence of the shear stress on cell detachment can
be measured [115].

Many studies of adhesion focus particularly on the measurement of hydropho-
bicity. Two of the most common macroscopic methods to assess the hydrophobicity
of microbial cells are presented in the following paragraphs.

MATH

Bacterial strains that possess hydrophobic surfaces characteristics are known to ad-
here to liquid hydrocarbons. Hence, microbial adhesion to hydrocarbons (MATH)
has been proposed as a technique to measure bacterial cell hydrophobicity. A sim-
ple approach to this experiment consists in vortexing an aqueous cell suspension
of bacteria with a liquid hydrocarbon (e.g. n-hexadecane) for a given time, allow-
ing the separation of the phases, and then measuring the decrease in turbidity in
the aqueous phase, as a result of the bacterial organisms moving into the organic
phase [116]. The hydrophobicity is estimated from the formula:

% Hydrophobicity = 100× Aλ−initial − Aλ−final

Aλ−initial
(2.5)

where Aλ−initial and Aλ−final are the initial and final absorbances measured at 540
nm. Despite the simplicity of this experiment, and the general criticism about this
method as an accurate representation of the cell hydrophobicity [117], MATH is
still widely used in the microbiological community. Andrews et al. [118] measured
the hydrophobicity of this thesis’ studied strains, Pse1, Pse2, Rc92, and Rc291
using n-decane as the organic phase. The results from this analysis are presented
in Table 2.3.

Contact angle measurements

Contact angle measurements (CAM) are classic experiments that determine the
free energy of solid surfaces.They do not directly give a measure of hydrophobicity,
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MATH scores of the studied strains

Strain % Adherence

Pse1 17.528± 1.589
Pse2 33.134± 1.108
Rc92 47.906± 1.474
Rc291 76.900± 1.950

Table 2.3: MATH scores of the studied strains. The MATH test was carried out
using n-decane as the hydrocarbon phase. The bacterial cells were grown at 20◦C,
supplemented with glucose 2 mM [118].

but they measure a related set of properties, as the wettability depends on the
surface energy properties of the cell.

Normally, the working procedure involves the assembly of a bacterial lawn and
the careful deposition of a water droplet on the surface of the lawn. The lawn
formation can easily be achieved by filtering a bacterial suspension onto a filter
membrane with the aid of vacuum, and the measurement using a goniometer. The
success of this experiment relies on the achievement of an homogeneous, reasonably
flat and rather dry surface. This is experimentally difficult, as the water from
the lawn needs to be eliminated as much as possible, to avoid deviations in the
measurements, but not too much, as dessication might affect the properties of the
cells. It is expected that hydrophobic cell surfaces will force the water drop to
deposit with angles superior to 45◦, whereas hydrophilic cell surfaces are expected
to be more wettable [119].

Thermodynamic properties can be assessed through the measurement of the
contact angles of bacterial lawns, with polar and apolar liquids.

Even though this experiment is relatively simple to interpret, there are many
reasons as to why the results generated might be doubtful. Firstly, the ideal
conditions to measure contact angles are on homogeneous, dry, smooth and flat
surfaces. This is not the case for a bacterial cell lawn. Secondly, after the water
droplet has been placed on top of the lawn, the water might seep through the lawn,
changing the measured angle. There is still disagreement as to when the angle is
stable and can be measured. Nowadays high resolution cameras can be adapted to
goniometers, so that the evolution of the water droplet can be recorded through
time; the measured angle will be derived from an statistical analysis of hundreds of
pictures, thus diminishing the uncertainty in the measurements. Finally, the cells
might not reveal their true hydrophobic layer if they are covered in hydrophilic
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EPS. Careful consideration on the washing procedures should be made, in order
to determine what actually has been measured. The results of our own contact
angle measurements will be detailed in Appendix D.

ζ-potentials

As previously stated before, the electric charge in bacteria can affect the adhesion
of cells to other charged surfaces. Charges in cells arise from anionic groups in
the bacterial macromolecules, like phosphates and carboxylates. The cell surface
charge can be assessed through the measurements of zeta (ζ) potentials, which
are the electric potentials at the bacteria-water the interface. ζ-potentials can be
assessed, for instance, by measuring the electrophoretic mobility of a cell suspen-
sion. [120]

CAM, MATH and ζ-potentials, although useful and descriptive, represent an
averaged measurement of the properties of a consortium of bacterial cells. Every
cell can have an heterogeneous cell surface, and a macroscopic method will neglect
this distinction. Therefore, microscopic methods are needed to complement the
existing knowledge of the adhesive properties of bacteria, and their hydrophobicity.
One of these methods is scanning force microscopy, which will be reviewed in the
following section.

2.6 Scanning force microscopy

2.6.1 Introduction

In March 1986 Gerd Binnig and Calvin Quate from Stanford University and their
IBM collaborator, Christoph Gerber, published a classic paper entitled ‘Atomic
Force Microscope’ [121], and introduced a new kind of microscope that was de-
scribed as ‘a combination of the principles of the scanning tunneling microscope
and the stylus profilometer’. They reported the use of a probe that did not damage
the surface, that had a vertical resolution of less than 1 Å and a lateral resolution
of 30 Å, capable of measuring forces in the sub-pN range. This new microscope
was based on the scanning tunnelling microscope (STM) developed by Binnig him-
self and Heinrich Rohrer four years before. Collectively, this family of instruments
are called scanning probe microscopes (SPMs) and rely on the use of a very sharp
probe that measures its distance-dependent interaction with a sample [122].

A microfabricated nanometre sharp-tip is grown at the end of a flexible can-
tilever, which transduces the interaction force between the tip and the sample.
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Cantilevers obey simple Newtonian mechanics and are governed by Hooke’s law:

F = kd (2.6)

where F is the spring force, k is the spring constant of the cantilever, and d is the
spring deflection. A representation of an SFM cantilever as a simple spring can be
seen in Figure 2.18.

Figure 2.25 on page 54 shows a diagram of an SFM probe with 5 cantilevers;
four triangular and one rectangular. The cantilever to be used is chosen by the
experimenter, depending of the sample needs. At the end of these cantilevers, a
conical tip can be seen. The apex of the cantilever will sense the sample surface
when it is lowered down close enough to be in the bonding range, by bending
upwards or downwards in response to the interaction. Figure 2.25b, shows the
largest of the triangular cantilevers being bent as it comes close to a surface [122].

x

z

y

Figure 2.18: Representation of an SFM cantilever as a small sphere held by a
Hookean spring. Image adapted from reference [123].

The reflection of a laser beam focused on the back side of the cantilever is used
to monitor the movement of the probe. A laser diode produces a beam that is
shone over the cantilever and reflected onto a 4-quadrant photodiode, with the aid
of a mirror. The photodiode produces a voltage that depends on the position of
the laser beam in its quadrants. A vertical displacement is generated by normal
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forces, whereas a lateral displacement is caused by a twist of the lever, due to
friction forces. Figure 2.19 on page 46 shows a diagram of the setup of an SFM.

The movements of the tip can be finely adjusted, with sub-nanometre precision,
by means of piezoelectric materials. The tip is scanned over a surface and at each
position, the cantilever deflection is measured and translated into a topographic
map by the computer.

Figure 2.19: Simple diagram (not to scale) that includes the main elements of a
scanning force microscope.

Figure 2.20 shows a more detailed scheme of the electronic system of the SFM.
The setup depends on the particular model of microscope. In some, the sample
is scanned over the tip, in which case the sample stage contains a piezoelectric
tube. In some, the tip is scanned over the sample. The latter model is called a
stand-alone microscope, and it is often coupled with an inverted microscope and
commonly used for biological applications. The SFM head of a stand-alone micro-
scope also contains piezoelectric elements, the tip holder, laser, photodiode and
positioning mechanisms to direct the laser beam on the back of the cantilever and
the photodiode. The head also includes an electronic system capable of processing
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the signals that come out of the photodiode, namely FN and FL, the vertical and
lateral deflections of the laser and Σ, the total intensity.

The high voltage electronics amplify the XYZ low voltage signals generated
by the digital signal processor (DSP) in order to operate the piezoelectric scanner
with high voltages in the range of 100 V. The high voltage electronics transfer
analog voltage signals FN, FL and Σ that come out of the photodiode and direct
them to the DSP. The role of the high voltage electronic system is to convert small
signals from the computer to the hundreds of volts needed for the piezoelectric
scanner to function.

The function of the DSP is to process all the signals and calculate the required
parameters for real-time operation. The computer is loaded with software capable
of acquiring, processing and analysing the signals and converting them into images
and graphs.

The piezoelectric scanner, which has been augmented in Figure 2.20 for clarity,
accurately positions the tip over the sample. The piezoelectric element relies on
the application of a potential difference between the two phases of the tube, in
order to change the dimensions of the material and extend and retract the piezo,
or move it in the x, y axis. A piezoelectric ceramic element can position the tip or
sample with sub-nanometre resolution.

2.6.2 Feedback Loop

The feedback loop is a control system that, during SFM scanning, keeps a variable
constant, at a given set point value. This variable could be, for example, amplitude
or deflection. The control system should be as fast as possible in order to obtain
a wide bandwidth; the faster the feedback loop, the faster the acquisition of the
images. The control signal is characterised by three terms, named proportional
(P), integral (I) and differential (D) and is commonly regarded as PID. The PID
feedback loop is part of the DSP electronic system. The values of these three
parameters determine the position of the z-piezo at a time t (Zt), which is given
by:

Zt = Pεt + Idt
∫ t

0
εi +D

εt − εt−1

dt (2.7)

where εt is the error signal, or deviation between the set point and the measured
value of the constant parameter at the time t. P , I, D are the proportional,
integral and differential gains. In modern SFMs the differential gain tends not to
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Figure 2.20: SFM electronic system.

be modified, and therefore equation 2.7 can be simplified to:

Zt−1 = Pεt−1 + Idt
∫ t

0
εi, (2.8)

which can be rewritten as:

Zt = Zt−1 + aεt + bεt−1, (2.9)

where a = P + Idt and b = −P .
The SFM electronics compare the measured force with the set point value, and

the difference is called the error signal εt. εt is then sent to the feedback controller
to correct the position of the z-piezo. When the P and I gains are optimal, the
value of εt is minimal, and the probe tracks the surface features optimally.

The feedback loop output can be improved by adjusting the value of gain or
gains and the set point. One can visually see, on the forward and backward traces
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during imaging, the degree of overlapping of the traces; if they have very different
profiles, the parameters need to be adjusted. As a and b in Equation 2.9 are
increased, the feedback loop response becomes faster, and the images are seen
with increased clarity. If the gains have a very high value, noise is observed in the
system (often accompanied by a high-pitched noise), as the z-piezo oscillates at
high frequency. The user needs to find the right medium, to optimise the scanning
process [122].

2.6.3 Modes of operation

The SFM can image either in static or dynamic modes. This classification is
related to the oscillation of the tip during scanning; in static modes, the tip does
not oscillate, whereas in the latter category it does. The most important form of
static scanning is contact mode, while the most popular form of dynamic imaging
is amplitude-modulation mode (often used as synonym of AC mode, intermittent
contact mode, or tapping mode).

In contact mode, the tip is brought into contact with the sample, scanning at
a fixed value of vertical deflection of the cantilever, determined by the set point.
If the feedback mechanism is working optimally, a constant force is applied to the
sample throughout the scan. As the scan goes by, the z-piezo is continually ad-
justed so that it maintains a value of deflection equal to the set point, as explained
in Section 2.6.2.

In reality, even though a constant deflection is maintained, a constant force
might not be kept, as the photodiode signal, which is related to the selection of
the set point, usually drifts with time.

In contact mode, two common outputs are produced: height images, which are
colour-coded representations of the distance that the z-piezo needs to travel to
maintain a constant applied force, and deflection images, which arise from small
variations of the cantilever deflection, caused by delays in the feedback loop, as it
cannot trace changes in topography too quickly, giving rise to an error signal.

The deflection signal is related to the angle of the cantilever. If no feedback
is applied during the scan, then the height of the probe is not adjusted and its
angle, and deflection signal, are modified every time it encounters on the surface a
feature of a different height. Conversely, if the feedback loop is on, then the height
of the probe is adjusted to keep the deflection constant at the desired set point,
as illustrated by Figure 2.21.
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Figure 2.21: Feedback loop for contact mode. The top section of the diagram
depicts the change in the scanning angle, as a result of keeping the height of the
cantilever constant. Such angle variation is reflected in a movement of the laser
signal on the photodiode. The lower section shows the z-movement of the piezo,
which keeps the angle and the position of the laser on the photodiode constant.
Image adapted from reference [124].

In amplitude-modulated SFM mode, the cantilever is oscillated away from the
surface near its resonant frequency, f0 with a given oscillation A0. As the probe
comes near to the surface, the amplitude signal A is recorded (Figure 2.22).

The feedback loop used in amplitude-modulated SFM mode is quite similar to
the contact mode one, except that in this case the cantilever is oscillated near its
resonant frequency, causing the angle of the cantilever and the value of deflection to
oscillate as well. As seen in Figure 2.23, if the SFM is operated without a feedback
loop, when the probe encounters tall features, the amplitude of the oscillation is
reduced, whereas troughs in the sample would provoke its increase. Conversely, if
the AC feedback loop is on, the amplitude is kept constant at a certain set point
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Figure 2.22: Dynamic, amplitude-modulated SFM mode. In the top of the
figure, we observe the cantilever driven at its free-air resonant frequency, with an
amplitude A0. When the cantilever approaches the surface, the amplitude of the
oscillation is reduced to A. Image adapted from reference [122].

value, whereas the height of the probe is adjusted according to the surface feature’s
height. The z-position is stored and used to generate the height data.

For biological samples, the dynamic methods of scanning are preferred over the
static ones, due to a reduction of the vertical applied forces and the elimination of
the lateral forces, which can detach the samples with ease.

2.6.4 SFM cantilevers

The spring constant of the SFM probes can be calculated, for rectangular can-
tilevers kr, if the dimensions and properties of the materials are known, according
to:

kr = Et3cw

4l3 (2.10)

where E is the Young’s modulus of the material, in this case, Si3N4 and is equal
to 1.5 × 1011 N/m, tc is the thickness, w is the width and l is the length. For a
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Figure 2.23: Feedback loop for AC Mode.
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V-shaped or triangular cantilever, the stiffness kv can be approximated by:

kv =


Et3cw

2L3
1

cosα

1 + w3

2
(
L1tanα + w

cosα

)3 × (3cosα− 2)


−1

 L1

L1 − d

3

,

(2.11)
where L1, α and d are defined by Figure 2.24.

Figure 2.24: Triangular cantilever geometric parameters for the calculation of
the spring constant. Image adapted from [125,126].

The probes used for biological applications require low spring constants, and
high resonant frequencies, to avoid damaging the delicate structures of cells and
biomolecules. Cantilevers made of Si have a Young’s modulus value ESi = 169
GPa [127], whereas Si3N4 cantilevers are slightly more compliant, having a value
of ESi3N4

= 150 GPa [122]. Moreover, Si3N4 tips are blunter, which is more
advantageous, as they might not puncture the delicate bacterial membranes so
easily [128].

Some companies have expressly developed cantilevers for biological applica-
tions. For instance, the Olympus Biolever has been designed to acquire contact
and AC mode images and measurements under water. The rectangular Biolever
has a 60 µm long Si3N4 cantilever, Au coated on both sides, with a tall and thin
tip (40 nm radius of curvature, 5 µm height) on a very thin cantilever (180 nm),
with a high resonant frequency (37 kHz) and a low spring constant (0.03 pN/nm).
For this research project, the more versatile and inexpensive, Bruker MLCT Si3N4
cantilevers were used [129]. The second largest triangular cantilever (the third
from left to right, Figure 2.25) was selected, which has a length of 225 µm, Au
coating only on the backside, a 2.5–8.0 µm tip with a maximum radius of curvature
of 60 nm. The cantilever is slightly thicker than the Olympus Biolever, being 550
nm, with a resonant frequency between 10-20 kHz and a low spring constant of
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(0.03 pN/nm) [130]. Ocassionaly, the SNL-10 Veeco (now Bruker) silicon nitride
cantilevers were also used. The longest and thinnest cantilever was often employed,
which has a length of 205 µm, Au coating only on the backside, a 2.5–8.0 µm tip
with a maximum radius of curvature of 12 nm. Its spring constant is around 0.06
N/m.

Figure 2.25: Diagram of a Si3N4 chip with 5 cantilevers with different lengths and
spring constants. An MLCT non-conductive silicon nitride cantilever distributed
by Bruker. The chip has, from left to right, probes of 0.02, 0.01, 0.03, 0.10 and
0.50 N/m nominal spring constants. These probes have a back side coating of 60
nm of Au on top of a 15 nm adhesive layer of Cr [130]. The lower diagram shows
the bending of the second cantilever as it approaches the surface.

As can be seen from Equations 2.10 and 2.11, the spring constant of cantilevers
solely depends on their geometry and material and is not dependent on the sur-
rounding media. However, the viscosity of the media does affect the mechanical
response of the cantilever

Upon immersion in water, the resonant frequency of the cantilever will be re-
duced, as the probe has an increased effective mass. Its behaviour can be described
as a damped harmonic oscillator. The quality factor Q (i.e. parameter which de-
scribes the damping of an oscillator) is also reduced in liquid, as a result of the
hydrodynamic forces in the tip-media system. This decreases the performance of
the dynamic modes.

In principle, an SFM could measure forces ranging from weak van der Waals
forces, in the pN region to strong covalent bonds of hundreds of nN, but in practice
the sensitivity is limited by thermal noise and vibrations of the electronic com-
ponents. Moreover, if the measurement is acquired inside a fluid the cantilever
quality factor is strongly diminished due to hydrodynamic damping [131].
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2.6.5 Force mode

The SFM is not only capable of recording images with nanoscale resolution; it
can also be used as a tool for force spectroscopy, an experiment whose output
is a force-distance curve. A force-distance curve represents the force on an SFM
probe as a result of its position in reference with the sample surface. As seen in
Figure 2.26a, the measurement starts away from the surface, where surface forces
are absent and the cantilever is not deflected. Then the probe is lowered down
(b) until it starts interacting with the surface. There is a sudden small attractive
force, due to capillary forces that is denoted jump-to-contact (c). The probe goes
into the repulsive regime (d), due to electrostatic forces, as shown in Figure 2.27,
until it reaches a maximum point. The probe is then lifted away from the surface
(Figure 2.26e) (jump-off contact), but the z-motor has to overcome the adhesion
force between the tip and the sample, caused by attractive van der Waals forces,
as shown in Figure 2.28. In the final step, the probe is disengaged from the surface
(Figure 2.26f). Force spectroscopy experiments are useful in the determination
of adhesive forces, elasticity or stiffness of bacterial membranes, measurement of
chemical bonds and specific interactions, determination of capillary forces, among
others.

2.6.6 SFM probe functionalisation

The chemical modification of SFM probes enables the measurement of forces be-
tween specific molecular groups as well as the creation of a map of the spatial
distribution of such groups on a sample. Chemical force microscopy is the term
given to the use of chemically modified probes in order to measure specific in-
teractions. This term was conceived by a team led by Charles M. Lieber from
Harvard [131,132].
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Figure 2.26: Diagram of a force-distance curve, showing the different steps of
the extension and retraction of the tip. Image inspired by reference [123].
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Figure 2.27: Electrostatic double-layer repulsion as seen in a force-distance curve.
Image inspired by reference [123].
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Figure 2.28: van der Waals attraction influence on a force-distance curve. A
jump-to-contact event can be seen in the lower left end of the curve. Image inspired
by reference [123].
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Chemical force microscopy aims to extract chemically valuable information
about the samples, by controlling the composition of the SFM probes, thus ex-
panding the scope of the experiments. Although the data are still physical in
nature, with a clever chemical or biological control of the tips it is possible to
obtain relevant compositional information. As stated in §2.6.4, the cantilevers
are usually made of silicon nitride, but the composition is not carefully controlled
and varies from Si3N4 to Si15N4 [133], a situation that might interfere with the
reproducibility of the experiments.

By ensuring the homogeneity of the tip composition, and giving it a desired
functionality, it is possible to map local variations of hydrophobicity and other
properties. The tips can be functionalised by modifying the silicon itself, using
silanisation or hydrosililation reactions, in which is possible to graft aliphatic chains
onto the cantilevers, using trichlorosilane groups. These methods, although cheap
and straightforward, yield air-sensitive and often thick and unevenly coated tips
[134].

Nowadays one of the most used methods involves the vapour deposition of a
thin adhesive chromium layer and a gold layer over a commercial silicon nitride
cantilever. A tip coated with gold has a less hydrophilic character than its Si3N4
precursor, giving rise to different interactions with the surface and thus reducing
the capillary condensation force in ambient air. Since gold reacts readily with
sulfur compounds, the tip is immersed in a thiol ethanolic solution and a self-
assembled monolayer (SAM) of alkanethiols is easily formed within a few hours.
Thiols are commonly used because the wide range of end groups that is possible
to have and because of their stability and ease of handling. The alkanethiols have,
in the non-sulfur end, a functional group that gives the tip the desired chemical
behaviour: if it has a methylated end, it has a hydrophobic character, whereas an
alcohol or acid end will make the tip hydrophilic (Figure 2.29).

It is important to form the monolayer as soon as the coating process is finished,
to avoid the contamination of Au. It is also recommended to use the functionalised
cantilevers as soon as possible, to avoid further decomposition of the carefully
controlled chemistry of the tip that has just been created.

On the downside of CFM, the radius of curvature of the tip might increase with
the coating process, diminishing the sensitivity of the tip to small features [135].

Chemical force microscopy has been used by Dufrêne et al. to map the hy-
drophobicity of fungal samples like Aspergillus fumigatus [136], Phanaerochaete
chrysosporium [137], as well as the bacteria Mycobacterium bovis [138] and My-
cobacterium tuberculosis [139]. The group led by Dufrêne validated their results
testing the effectivity of their tips on substrates covered by SAMs of known com-
position (Figure 2.30).
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Figure 2.29: Thiol SAMs grafted to Au coated tips. A hydrophobic termination
can be achieved by anchoring 1-dodecanethiol (DDT), whereas a hydrophilic be-
haviour would be seen when 11-mercaptoundecanoic acid (MUA) is grafted to the
tip.

In the same way, Vadillo et al. [140,141] have used hydrophobic and hydrophilic
tips to map the hydrophobicity of Lactobacillus strains, finding a heterogeneous cell
surface. Dorobantu et al. [87,142] have conducted force experiments on Rhodococ-
cus erythropolis and explained them in the frame of the xDLVO model. Their
studies reveal heterogeneity in the measurements of these cells, while probing them
with hydrophilic and hydrophobic tips. The presence of EPS and bacterial cap-
sules were accounted for during the analysis. The measurement of adhesion forces
in many points of the cell surface, reveal that the highest forces are concentrated
in one pole of the cell (Figure 2.31).
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Figure 2.30: CFM of Mycobacterium bovis cells. (a) Histograms of adhesion of
reference SAMs of known molar fractions. (b) Hydrophobic coated tip versus a
SAMs of a known % CH3 molar composition. (c) Topographic image of a bacterial
membrane region. (d) Force-volume map of the same area. (d) Statistical analysis
of the forces of the force-volume map. Images adapted with permission from [138].
Copyright (2007) American Chemical Society.
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Figure 2.31: SFM images and forces of Rhodococcus erythropolis. (a) AC Mode,
amplitude image of a R. erythropolis cell. (b) Map that shows the location of the
acquired force distance measurements. (c) Distribution and measurement of the
forces that shows higher values towards one pole of the cell. Images adapted with
permission of [142]. Copyright (2008) American Chemical Society.
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Single Molecule Force Spectroscopy

Advanced functionalisation of SFM tips can be used for molecular recognition
spectroscopy, in which the binding of molecules on SFM tips towards on-substrate
receptors is measured by applying a force to the molecule-receptor bond until the
bond breaks. A number or molecules must remain permanently attached to the
SFM probe usually by covalent bonds via flexible linker spacer molecules. This
technique is known as single molecule force spectroscopy (SMFS) [143].

SMFS has been used in the past few years to measure the adhesion of nucleic
acid strands [144], enzymes and substrates [145], antigens and antibodies [146],
proteins [147], lectins and carbohydrates [146], ligands and cell surface receptors
and cell adhesion proteins [148]. It is sensitive enough to detect conformational
transitions, reveal functional heterogeneity and determine the number of molecules
involved in a chemical reaction [149].

To ensure single molecule events, it is important that only a small number of
interacting molecules are attached to the SFM probe. For that to happen, the
concentration of the biomolecules must be very low and they should be attached
with a favourable orientation.

To that end, spacers are often employed, by tethering flexible and distensible
linker molecules, which aim is to separate the biological probe from the tip surface
by some nanometres and allow the bioprobe to orient freely. Moreover, the use
of spacers permits the distinction between specific and non-specific interactions.
Polyethylene glycol (PEG) is often the linker of choice [150,151].

For example, the group led by G. Francius [152] used the lectin Concanavalin-A
SMFS probes, to probe polysaccharides present on the surfaces of planktonic P.
fluorescens cells. The conformation of the polysaccharides was studied through
the measurement of the interaction forces using SFMS and analysed through the
freely-jointed chain (FJC) model.

Our own efforts in SMFS can be seen in Chapter 5, where thiolated DNA frag-
ments were tethered to gold coated SFM cantilevers and the interaction between
them and model silicon surfaces, under a variety of ionic solutions, was measured.

Single cell force spectroscopy

Chemical force microscopy and single molecule force spectroscopy give a valuable
insight into the chemical properties of bacterial cells. However, these approaches
are limited to the properties of the attached molecules, which might not behave
in the same way as they do when they are embedded on cell surfaces. The lack
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of molecular context could be producing data that is not reproducible in natural
environments.

To this end, bioprobes can be created, in which the tip of the SFM cantilever
is replaced with one or few microbial organisms. A bioprobe will ensure that the
molecules are in their native conditions.

Experimentally, the idea of single cell force spectroscopy (SCFS) is not easy to
convey. Some authors [153, 154] have coated colloidal probes with bacterial cells,
and make them interact with surfaces, while others attach single cells to tipless
cantilevers. For example, Cail and Hochella [155] attached Enterococcus faecalis
to the apex of an SFM cantilever using APTES functionalised cantilevers. Such
methodologies can be used to study the interaction between mineral surfaces and
bacterial cells.

Perhaps more challenging, is the use of SCFS to measure cell-cell interactions.
To this date, there are very few examples in the literature where this has been
achieved. Benoit et al. [156] attached a cell of the eukaryotic slime mould Dic-
tyostelium discoideum to a tipless cantilever, and studied the its interaction with
another cell deposited on a Petri dish. The two cells were left in contact for some
time, and the detachment force was estimated to be around 20 pN. In terms of
bacterial interactions, Younes et al. studied the interaction between Staphylo-
coccus cells attached to a tipless cantilever, and Lactobacillus cells attached to a
solid substrate and compared them with the interaction between a pair of staphy-
lococci, revealing that the mixed pair had stronger interactions. Although the
present thesis does not deal with SCFS experiments it is important to highlight
this technique, since it might revolutionise the field of bacterial interactions and
adhesion. Currently SCFS experiments are very challenging and time-consuming,
but it is expected that when this technique matures, it will enhance our physical
comprehension of complex biological processes.
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3
Bacterial immobilisation for SFM

3.1 Introduction

Microscopy techniques, such as optical, electron and scanning force microscopy,
have had a tremendous impact in our understanding of the components, topogra-
phy and interaction forces of bacteria. The invention of the optical microscope
opened the investigation into microbiology, but its applicability has remained
somewhat limited, due to its intrinsic limits in resolution. Electron microscopy,
which uses electrons instead of light, has been able to overcome the diffraction
limit of light, producing outstanding images. Scanning and transmission elec-
tron microscopies (SEM and TEM, respectively) have allowed us to visualise the
cytoplasmic arrangement of thin sections of bacterial cells. When coupled with im-
munostaining, they can provide information about specific molecular components
on the surface and inside of the cell [9].

Sample preparation for electron microscopy is not an easy task. Both TEM
and SEM employ heavy metal stains that enhance contrast between different sec-
tions. Often, the samples need to be frozen, sectioned or fixed, depending on the
particular requirements of the object of study and the technique. So, although
these forms of microscopy provide very detailed information about the structure
of bacterial cells and their surface, the complex preparation techniques limit its
applicability in the study of bacterial organisms and bacterial interactions in vivo.

Scanning force microscopy does not require freezing, sectioning or embedding
the sample in heavy metal layers for imaging. The only requirement is to have the
biological sample firmly attached to a flat surface. Microbes spontaneously adsorb
to substrata and thus, imaging in air using an SFM presents few challenges. The
main concerns in attaining a successful SFM scanning are to remove the residues
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of the culture medium and the secretions produced by the organisms and to avoid
the crystallisation of salts on the surface. However, if the imaging is to take
place under liquid, further steps are required in order to make sure the cells will
withstand the scanning.

It has been acknowledged by many researchers that cell immobilisation under
a liquid is a significant barrier to the applicability of SFM to the study of bacterial
organisms [157–167]. The methods to immobilise bacteria cannot be applied to all
types of bacterial cells due to their intrinsic variations in size, shape, rigidity and
surface chemistry. Bacterial organisms, unlike eukaryotic cells, do not spread on
the substrate, thus having a very small contact area for attachment.

The adhesive properties of bacterial surfaces depend on the nature of the sur-
face proteins, polysaccharides and appendages, whose presence is dictated by the
genetic code of the strain. The ionic strength, pH and chemistry of the imaging
media can be tailored to enhance the adhesion of the bacterial cells to the sub-
strate, provided the behaviour of the cells is not modified in such a way that falls
beyond the subject of study. When selecting the imaging medium one must be
sure that the physiology or the organism is not compromised by the immobilisation
technique and imaging conditions. In any case, the measured properties will be
dependent on the environment: for example Gabouriad et al. [168] showed that
there were considerable differences between the nanomechanical properties of S.
putrefaciens at pH 4 and 10. Similarly Pen et al. [153] showed that the adhesion
profiles of Rhodococcus Rc291 varied with pH, as shown by SFM force curves.

3.1.1 Imaging bacteria in air and liquid

Air drying is a quick and simple method of immobilisation of bacterial cells. This
method works best with strains that are resistant to dehydration, otherwise they
can die or appear deflated or shrivelled, even if they are re-hydrated later with
water or buffer. Even transient drying can trigger signals that affect the cell surface
properties. Moreover, the interaction force of adhesion is rather feeble, making the
sample often impossible to be studied under liquid [169, 170]. Figure 3.1 shows a
couple of examples of bacterial cells attached onto solid substrates after they have
been dried. It is possible to appreciate fine appendages and delicate membrane
features, like the rim of the cell capsule. Thus, imaging in air is preferred in some
cases, where the resolution of the cell topography is essential [171].
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(a) E. coli K12 J62. (b) E. coli ATCC 25922.

Figure 3.1: Bacterial adhesion by cell drying. Both images were acquired in air.
Figure 3.1a was used with permission from [169]. Copyright (2004) John Wiley
and Sons. Figure 3.1b was used with permission from [170]. Copyright (1998)
American Society for Microbiology.
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Figure 3.2 shows an example from the literature [172], in which E. coli cells
imaged in air show a breadth of surface features and appendages, whereas the ones
imaged under PBS appear fuzzy and less resolved.

Figure 3.2: SFM images of E.coli. (a) Imaged under PBS, (b) Imaged in air. Note
how in panel (b) more surface features can be observed, including appendages,
like the ones highlighted in the inset. Image used with permission from [172].
Copyright (2011) JoVE.

Imaging in liquid is preferred over imaging in air in order to keep the cells
hydrated, alive and even capable of reproduction if kept with nutrients. Addition-
ally, keeping the cells under a liquid is essential for force-distance measurements,
as this reduces the meniscus forces. Since one of the main goals of the present
thesis is the measurement of the adhesive forces present on cell membranes, it was
imperative to find a reliable immobilisation method to attach bacterial cells under
liquid.

Meniscus forces

Adhesive forces can be very sensitive to the presence of even trace amounts of
water vapour in the atmosphere and as a consequence can be easily modified with
changing relative humidity [82]. This has a considerable impact on the appearance
of force-distance curves. As explained before in Section 2.6.5 and in Figure 2.26
on page 56, the area under the generated curve (i.e. the jump-off contact section
of the force curve) is related to the measurement of the tip-sample detachment
force. Figure 3.3 shows a force-distance curve of a silicon sample acquired in air
and in liquid. In air, a large adhesion force or jump-off contact is evident, whereas
in liquid the interaction force is greatly diminished [173].
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Figure 3.3: Force-distance curves in air and water between a clean silicon surface
and a Si3N4 tip.

Meniscus forces are capillary in nature and are a consequence of water vapour
condensation in surface contact points of the tip (e.g. cracks and pores). The
formation of a meniscus arises from an increased number of van der Waals inter-
actions between water molecules in a confined space, like in the gap between an
SFM tip and a substrate. A thin layer of liquid is formed on the tip surface, as
schematically shown in Figure 3.4 for the simplified case of a sphere and a planar
surface. The thin water layer prevents the tip from pulling off the surface due to
an increased surface energy, whereas it only has a small effect in the attractive
range of the force-distance curve [173].

The formation of menisci can be understood from a thermodynamics point of
view. If the radius of curvature of a micro-contact is below a critical radius, a
meniscus will be formed. At equilibrium, the size of this critical radius is related
to the vapour pressure and can be defined by the Kelvin radius:

rk = γLV

RT log(p/ps)
(3.1)

where γL is the surface tension, R is the gas constant, T is the temperature, V
the molar volume and p/ps the relative vapour pressure or relative humidity. For
water, the surface tension at 293 K is 0.074 N/m, thus the van der Waals distance
of water is γLV/RT = 5.4 Å. For a value of p/ps = 0.9 a Kelvin radius of 100 Å is
obtained. So it follows that the smaller the relative humidity (i.e. p/ps), the smaller
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the size of the critical radius for the formation of the meniscus, and thus, the more
difficult it is to form a meniscus between two surfaces. This can be clearly seen
in Figure 3.5, where environmental SEM pictures of menisci formed between SFM
tips and silicon surfaces. At a relative humidity of 40% no meniscus is visible, but
at a humidity of 99%, the meniscus is clearly noticeable.

Figure 3.4: Meniscus formed between a planar substrate and a spherical object:
model of the tip-sample interaction in humid air. Image adapted from [82].

For a sphere and a planar surface (Figure 3.4), the meniscus forces can be
approximated for R >> D:

FR>>D = 4πRγLcosθ
1 + D/d

(3.2)

where R is the radius of the sphere, d the length of the segment P̄Q, D the distance
between the sphere and the planar surface and θ the meniscus contact angle [82].

The water meniscus force exceeds other surface interactions, like van der Waals.
In order to measure the contribution of the latter type of forces it is imperative to
eliminate the meniscus force. This can be achieved by working in a low humidity
environment (e.g. N2 or vacuum) or by submerging the tip-sample system in
a liquid. This is why force measurements are typically performed under water,

Ana Lorena Morales-García



On the Adhesion Forces of Bacterial Membranes and Derivatives 70

Figure 3.5: Images of the menisci formed between an SFM cantilever and a silicon
substrate at two different relative humidities. Image adapted with permission
from [174]. Copyright (2005) American Chemical Society.

buffer or media, not only to eliminate the meniscus forces, but to keep the cells
in physiological conditions, hydrated and potentially viable. While working in a
liquid environment solves some experimental issues, it can present other challenges.
As has been stated above, the dragging forces of a cantilever under liquid can
easily detach the cells, and imaging of bacterial cells under liquid is frequently an
arduous experiment with poor repeatability. In the next section, the work of some
researchers that effectively imaged bacterial cells under liquid, will be reviewed.

3.2 Background on immobilisation methods

The methods to immobilise bacteria for SFM scanning, can roughly be divided into
five categories: mechanical entrapment, biofilm formation, use of polydopamine
adhesives, use of cationic surfaces and covalent bonding between the cells and
substrates. A description of these protocols and the efforts of researchers in this
field will be reviewed in the following sections.

3.2.1 Mechanical entrapment

Mechanical entrapment into polycarbonate membranes is an ideal system for the
immobilisation of rigid and spherical organisms such as yeast and fungal spores.
The membrane pores have to be selected in such a way that they are slightly smaller
than the cells to probe, so that these can be firmly immobilised. This methodology
was developed by Kasas and Ikai in 1995 [157] and explored further by Dufrêne
ever since [175–178] (Figure 3.6a). Turner et al. [160] improved this methodology
by etching the membranes with a concentrated alkaline solution, evening the size
of the pores and thus maximising the chances of getting a cell trapped. Using this
methodology, they studied live S. aureus using PBS to to image non-dividing cells
and brain heart infusion (BHI) broth to study dividing cells (Figure 3.6b).
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Kailas et al. [164] presented an alternative method to trap spherical shaped S.
aureus by immobilising them in holes made on photoresists by laser interference
lithography. This method has the advantage of removing the constriction on the
cells. This method has been explored futher by Bailey et al. [179] who applied
this technique to rod shaped cells using pillars with successful results. Dupres et
al. [180] and Alsteens et al. [138] immobilised rod-shaped cells, depositing them
onto polycarbonate membranes; the cells did not go inside the holes, but instead
rested on top of the membrane surface. This interaction was good enough for their
study in liquid. Doktycz et al. [161,181] proposed another method to entrap cells
mechanically; they used a gelatin coating, which yielded successful results in SFM
imaging. Gelatin immobilisation has elements of mechanical and also chemical
immobilisation; gelatin is denatured collagen and some bacteria, like E. coli bind
to collagen via specific adhesive sites. These interactions, added to electrostatic
and hydrophobic forces, immobilise the cell for SFM scanning. The presence of
ions in the imaging media can affect the attachment to gelatin coated mica and
not all bacterial species have affinity for this substrate (Figure 3.6c).

In general, mechanical immobilisation has many limitations: polycarbonate
membranes, although inexpensive and easy to use, are mostly limited to spherical
organisms. On the other hand, lithographically etched supports are expensive
to produce, and need to be tailored to the specific measurements of a particular
species. On this account, there has not been a wider presence of these protocols
in the literature. Novel ways of mechanical entrapment are needed, since this
method has all the elements to be ideal for the study of microorganisms in natural
conditions.

3.2.2 Biofilm formation for immobilisation

In some cases the interactions between the microbes and the substrate are strong
enough that the cells do not need to be constricted in any way and the substrate
does not need to be modified, but examples of this immobilisation approach are
rather scarce. Bagchi et al. [184] reported the attachment of the hyphae of the soil-
dwelling Gram positive Streptomyces coelicolor to muscovite mica. The interaction
is strong enough for them to take contact mode images in liquid and force-volume
maps. The hyphae-substrate interaction is presumed to be of electrostatic nature
(Figure 3.11c).

Another way to achieve a strong cell-substrate interaction, without the need
of pre-conditioning the substrate, is to form a biofilm for several days. Bacteria
themselves produce polymers that condition the substrate and aid in cell attach-
ment. Nonetheless, a close-packed arrangement of a cell multi-layer, might make
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(a) A. oryzae LMTC 2.14 in a
polymer membrane.

(b) S. aureus NTC 85 32 in an
etched polymer membrane.

(c) E.coli K-12 in gelatin.

Figure 3.6: Physical entrapment. Figure 3.6a was used with permission from
[182]. Copyright (2002) Elsevier. Figure 3.6b was used with permission from [160].
Copyright (2009) John Wiley and Sons. Figure 3.6c was used with permission
from [183]. Copyright (2012) Elsevier.
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it challenging to observe individual organisms adequately. As reviewed in §2.2,
biofilms are complex three-dimensional networks of cells, which are adhered to
surfaces and among each other by means of extra-cellular polymeric substances.
Hence, through this approach, only microbial conglomerates can be observed and
such observations have been amply reported in the literature. Ahimou et al. [185]
studied the biofilm formed by a mixed culture of bacteria that came from an acti-
vated sludge. Mangold et al. [186] incubated pyrite coupons in an Acidithiobacillus
ferrooxindans suspension for 4 days, to allow attachment and biofilm formation.
Other biofilm studies by SFM include the papers published by Oh et al. [187] and
Tsoligkas et al. [188] on E. coli, Volle et al. [189] on Bacillus subtilis, Micrococ-
cus luteus, E. coli and Pseudomonas putida, Otero et al. [190] and Whitehead et
al. [112] on Pseudomonas aeruginosa, Hu et al. [191] and Liu et al. [192] on Strep-
tococcus mutans, Lorite et al. [108] on Xylella fastidiosa, Díaz et al. [193] on the
early stages of biofilm formation of Pseudomonas fluorescens and Abe et al. [194]
on drinking water biofilm samples.

Some authors have used polystyrene to immobilise bacteria. Dufrêne and van
der Aa [195] incubated small polystyrene squares in an Azospirillum brasilense
suspension for 24 h. Although they were able to observe EPS adhered to the
plastic, no bacterial cells were observed under liquid. Cell detachment appears
to be a common problem in the study of bacterial biofilms under liquid, and
consequently, a high number of surface coating techniques have been devised, in
order to strengthen the bonds between the organisms and their support. A number
of surface-modification protocols, to increase adhesiveness, will be presented in the
following sections.

3.2.3 Polydopamine adhesives

A number of marine invertebrates have the ability to produce strong adhesive
materials that help them adhere to under-water substrates, fighting buoyancy and
currents in highly saline environments [196]. The mechanisms of their adhesion
have been of interest to biologists, who seek to use their strategies and apply them
to the immobilisation of biological samples under buffer. Of particular notoriety
is the marine mussel Mytilus edulis, which adheres strongly to surfaces by means
of a byssus, which is a bundle of threads composed by eight mussel foot proteins
(Mfps). The main proteins are depicted in Figure 3.7; Mfp-3,5 and 6, which are
in contact with the surface, contribute the most to the overall adhesion to the
surface. These proteins use a cathecol (i.e. benzenediol) containing substance,
which is generated by a post-translational modification of the aminoacid tyrosine,
to yield 3,4-dihydroxyphenilalanine (DOPA).
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Figure 3.7: Byssus of Mytilus edulis, showing its component mussel foot pro-
teins (Mfps). Mfp-3,5,6 are the most responsible for the mussel adhesion and are
characterised by a high content of DOPA; Mfp-5 has over 30% of this substance.
Image adapted from reference [197].

DOPA and its analogues are cathecholic compounds, and their role as adhesion
and crosslinking promoters has been investigated. A wide variety of surfaces can
be conditioned using these compounds, a process that enhance the interaction be-
tween surfaces through the formation of hydrogen, ionic, covalent and coordination
bonds between the cathecol moeieties and the substrates. For instance, Messer-
smith et al. [198] reported the formation of strong bidentate binuclear bridges on
titania surfaces and other metal oxides, whereas only hydrogen bonding interac-
tions occur between DOPA and mica (Figure 3.8) [199].

The group led by Messersmith uses synthetic forms of DOPA to enhance adhe-
sion and for a variety of applications, including fetal membrane repair to prevent
birth complications [200], antibacterial hydrogels based on DOPA that include
silver nanoparticles [201] and cathechol pH-responsive polymers for the targeted
release of cancer drugs [202].

A mixture of proteins extracted from Mytilus edulis has been solubilised, and
sold under the commercial name of Cell-Tak® [203]. These proteins are rich in
l-3,4-dihydroxyphenylalanine (l-DOPA) (i.e. the precursor of polydopamine) and
hydroxyproline [204] (Figure 3.9).

A Cell-Tak® neutral solution can be spread on glass slides and used as a support
for mammalian cells and tissues. Ay et al. used Cell-Tak® to immobilise human
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Figure 3.8: Adhesion of DOPA to substrates. (a) Chemical structure of a se-
quence of three DOPA units, highlighting the cathecol groups. (b) Interaction
between DOPA and a TiO2 surface via coordination bonds. (c) Interaction be-
tween DOPA and mica via hydrogen bonds. Image adapted from reference [199].
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Figure 3.9: Chemical formulae of (a) l-3,4-dihydroxyphenylalanine (l-DOPA)
and (b) hydroxyproline, main components of the polyphenolic proteins present in
Mytilus edulis bioadhesives [204].

lymphoma cells for SFM scanning [205]. Similarly, Hwang et al. [206] immobilised
chinese hamster ovary and HeLa cells (both are commonly used cell lines used in
medical research) for optical microscopy essays.

The use of DOPA or Cell-Tak® in bacterial studies is more limited. Kang and
Elimelech coated an SFM cantilever with polydopamine, and attached single E.
coli, B. subtilis and S. cerevisiae bacterial cells. The resultant bioprobes were used
in force experiments against quartz surfaces under different ionic solutions. The
authors maintain that their preparation method is superior to chemically fixed
cells, as it is non-invasive and does not require crosslinking. Meyer et al. [166]
systematically studied diverse immobilisation methods for bacterial cells in SFM
experiments, including those of mechanical, electrostatic and covalent nature, as
well as Cell-Tak®; the majority of these methods have been also reviewed and
tested in the present thesis. The authors of this paper claim that they successfully
immobilised E. coli, B. subtilis, S. sciuri and Mycobacterium sp., and imaged them
in contact mode under a variety of liquids (Figure 3.10). They concluded that Cell-
Tak® was the most successful method they tried, and they proposed it can be used
as a general protocol for the preparation of Gram positive and Gram negative
cells for SFM scanning in physiological conditions. Despite the authors’ belief of
the wide applicability of this method, only few publications describing the use
of Cell-Tak® as a bacterial bioadhesive were found, suggesting that these results
must be interpreted carefully and that this technique might not be the panacea
that biophysicists are looking for.

3.2.4 Electrostatic attraction

Polycationic surfaces enhance the electrostatic interactions between the negatively
charged ions present on the cell surface of microorganisms and the sample sub-
strate. Bacteria generally have a superficial negative charge due to the presence of
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Figure 3.10: Immobilisation of bacterial cells using polydopamine adhesives.
Cell-Tak® was used to image E. coli (a), B. subtilis (b) and Mycobacterium sp. (c)
in contact mode under the buffer HEPES. The arrows show sections of the bacterial
cell that detached or moved during scanning. Image taken with permission from
[166]. Copyright (2010) Elsevier.

peptidoglycan, rich in carboxylate and amino groups. Teichoic acids, lipoglycans
and lipopolysaccharides are phosphate rich groups that if present, also contribute
to the overall negative charge. Polycationic surfaces include poly-l or poly-d-
lysine (PLL, PDL), polyethyleneamine (PEI), and aminosilanes, out of which (3-
aminopropyl)triethoxysilane (APTES), is the most commonly used (Figure 3.11).

Poly-lysine

Poly-lysine has been used to immobilise a variety of microorganisms to flat sub-
strates, including the fungus Candida albicans [207], and the bacterial strains
E.coli [188,208–210], Streptococcus mutans [211,212], Lactobacillli [140,213], Staphy-
lococci [212,214–217], Pseudomonas aeruginosa [218] and Pseudomonas fluorescens
[219,220].

Similarly, it is also commonly used to attach microbial cells to the apex of a
cantilever or tip. Atabek et al. [221] and Touhami et al. [222] used PLL to attach
bacteria of the genus Pseudomonas to an SFM cantilever. Lower et al. [154]
used poly-d-lysine to manufacture an E. coli colloidal cell probe (i.e. a micron-
sized polystyrene bead coated with bacteria and attached to an SFM cantilever).
Correspondingly, PDL has been used [36] to attach Rhodococcus 291 to colloidal
probes. The advantage of using the optical isomer d over l resides on the fact that
some cells can digest PLL [223].

Bacteria immobilised by poly-l-lysine can be imaged under media [171, 188],
buffers (PBS: phosphate buffered saline [207,216], MES: 2-(N-morpholino)ethane-
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sulfonic acid, [217], MOPS: 3-(N-morpholino)propanesulfonic acid, [219], HEPES:
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid [213,221], adhesion buffer [105]),
deionised water [153,171], or inorganic salt solutions (NaCl [154], KCl [140]).

Polyethyleneimine

Glass slides coated with polyethyleneimine have also been widely used to attach
bacterial cells to glass substrates. Examples include E. coli K12 [224–227], P.
fluorescens [152, 227], Acidithiobacillus ferrooxidans [228, 229] and Bordetella per-
tussis [230].

Correspondingly, cell probes have been manufactured employing PEI as an
adhesive for the bacterial species Lactococcus lactis [231], E. coli [232–235], Lacto-
bacillus rhamnosus GG [236] and Streptococcus thermophilus [237] among others.

Bacteria linked to the surface by PEI have been imaged under deionised water
[228,231], or buffers (PBS, [152,166,230,236,237] Tris: tris(hydroxymethyl)amino-
methane [225,233,235,238]).

3-Aminopropyltriethoxysilane

The use of 3-aminopropyltriethoxysilane (APTES) has also been reported in the
literature as a way to immobilise bacteria, due to the polycationic nature of the
aminosilanised functionality that is created [239]. Furthermore, the amino groups
in APTES can potentially bind to the aldehyde and ketone groups that are present
on the cell walls [155,240].

Liu et al. [163] attached and imaged Xanthomonas campestris, Pseudomonas
syringae and Bacillus subtilis to APTES treated mica. Longo et al. [241] immo-
bilised E. coli to acquire force-volume maps and measure elasticity. Anselmetti
et al. [242] imaged Corynebacterium glutamicum ATCC14067 using intermittent
contact mode in liquid using also silanised glass and mica (Figure 3.12).

APTES is a relatively cheap and readily available aminosilane. As a trifunc-
tional silane it crosslinks the surface through one of its alkoxy groups, while leaving
the other two for the lateral crosslinking of molecules into a monolayer. The amine
group that corresponds will ideally be pointing upwards, thus creating an array
of positive charges under an aqueous solution [244] (Figure 3.13). If the aminosi-
lanation reaction is not adequately controlled, then the molecular orientation of
the amine moieties can vary, thus reducing the efficiency of the surface groups as
bonding agents [245].
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(a) Lactobacillus rhamnosus
GG on PEI, imaged in air.

(b) M. lysodeikticus, P. fluo-
rescens on PLL, imaged under
medium.

(c) S. coelicolor hypha on
mica, imaged under water.

Figure 3.11: Bacterial immobilisation via electrostatic interactions. Figure 3.11a
used with permission from [236]. Copyright (2013) Elsevier. Figure 3.11b was used
with permission from [220]. IOP Publishing. Copyright (2012). All rights reserved.
Figure 3.11c used with permission from [184]. Copyright (2008) John Wiley and
Sons.
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(a) P. sryingae (APTES) (b) E. coli (APTES pattern)

Figure 3.12: Bacterial adhesion using APTES. Both images were acquired in air.
Figure 3.12a was used with permission from [163]. Copyright (2011) John Wiley
and Sons. Figure 3.12b was used with permission from [243]. Copyright (2009)
American Chemical Society.

The stability of an APTES layer comes from the lateral crosslinking rather than
from direct surface crosslinking. The formation of these layers depends strongly
on the method of synthesis, namely chemical vapour deposition or formed from an
organic or aqueous solution [244].

APTES is known for its instability, and can polymerise inside its container
bottle, reducing its effectivity in reactions. This can be prevented by keeping the
siloxane in anoxic conditions. A polymerised APTES cannot give reproducible
surface properties once it is attached to a silicon surface. Liquid phase polymeri-
sation can lead to an uneven surface that is not suitable for molecular imaging,
although, it can bind bacteria without noticeable deformations.

APTES surfaces have been carefully characterised. One can determine the
number of NH2 groups in the aminated surface by using the ninhydrin reaction as
used by Karrasch et al. [240] and Sarin et al. [247]. A 2% APTES solution in 95%
acetone for 3 min, typically gives an average of 6 amino groups per nm2. Similarly,
Alexander et al. found an average of 3 amino groups per nm2 using a 1% APTES
solution in 95% acetic acid (1 mM) in methanol and 4% water [239].

Bacteria attached to silanised glass can be imaged or measured under buffer
(PBS [91,219,248,248], HEPES, [189,218,249], MOPS [219,250], acetate [176]) or
water [251,252].
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Figure 3.13: APTES structure and crosslinked monolayer on a SiO2 substrate.
The pKa of APTES is ∼ 10 [246], so in neutral buffer conditions, the amine groups
are protonated. Image adapted from [244].

Buffer selection

The selection of an adequate buffer for SFM imaging, when using electrostatic
forces to bind cells to substrates, is of the utmost importance [253]. Often the
imaging buffers must have a lower ionic strength than the one required for physi-
ological conditions and even distilled water has been used. It is difficult to choose
a universal buffer for SFM imaging and this needs to be selected carefully to avoid
affecting the compressibility of the cells, due to changes in turgor pressure [160].

When the cells are bound to the surface using electrostatic interactions, the
interaction is subject to the salt contents of the imaging media, which is weakened
at high ionic strength. Hence, the imaging would be performed ideally in deionised
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water, if not for the osmotic stress that this would cause to the cells [166]. In some
cases even by rinsing the cells with DI water prior to imaging in buffer, the capsular
EPS of the bacteria can be disrupted. For instance, Stukalov et al., have reported
the detachment of electrostatically immobilised cells during scanning while using
buffer. They hypothesised that this might happen due to the weakening of the
electrostatic interactions at high ionic strength, as stated in Section 2.4.3.

3.2.5 Covalent immobilisation

From the first early experiments in the early nineties of scanning force microscopy
of bacteria, it became apparent that when the cells were firmly immobilised, the
resolution of their surface features increased considerably [254]. Glutaraldehyde
was one of the first choices for firm immobilisation, as it had been commonly used
for electron microscopy fixation. Glutaraldehyde forms covalent bonds between the
proteins on the bacterial cell wall [163]. Despite its potential use for cell fixing, the
effect of this chemical has been widely researched, and it has been noted that it
changes the conformation of the cell wall, modifies the morphology and dimensions
of the cells, stiffens the bacterial cell wall and kills the organisms [226,255]. Since
this method limits the biological significance of the results, it is imperative to find
other ways of immobilising cells that do not affect the cell envelope greatly.

APTES with EDC and NHS

Liu and Camesano [167, 256] have immobilised bacterial cells for SFM scanning
by creating covalent bonds between the cells and molecules attached to a solid
substrate. The bonding protocol involved the use of the zero-length crosslinker
EDC (1-ethyl-3-(3-dimethylaminopropyl)carbodiimide) aided by NHS (N-hydroxy-
succinimide) or sulfo-NHS (N-hydroxysulfosuccinimide); this is a zero-length cross-
linker because it directly conjugates carboxylates to primary amines, without a
spacer. This reaction couples the carboxylic groups on bacterial surfaces with
amino groups on APTES coated glass slides, without modifying the bacterial sur-
face, as the activated groups do not remain a part of the linkage. EDC reac-
tion targets the carboxylic groups on the bacterial surface forming an unstable
O-acylisourea intermediate complexes. In a second state, these transient species
react with NHS, which creates succinimidyl ester functionalities that readily re-
act with primary amino groups. If the activated groups do not find the amino
groups of the APTES surface, they revert back to the original carboxylic acid
form, leaving the bacterial top side unmodified, and only the underside of the cell
crosslinked to the glass [218]. This process is illustrated in the general scheme
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of reaction in Figure 3.14 and in the detailed reaction mechanism in Figure 3.15.
Other researchers have reported that the cells remain viable and that the activity
of bioactive molecules is not disrupted by the crosslinkers [257].

Atabek, Liu and Camesano [167,218] evaluated the attachment of the bacteria
E. coli, P. aeruginosa and S. epidermis employing three different methods: poly-
L-lysine, APTES/EDC/NHS and mechanical trapping. The authors claim that all
three methods resulted in similar bacterial morphologies and force events. The au-
thors also conducted ζ-potential measurements on Pseudomonas aeruginosa before
and after the EDC/NHS treatment and they found, in both situations, a similar
value, concluding that the bacterial surface was not modified by this method. On
the other hand, Volle et al. [189] fixed E. coli and B. subtilis for SFM studies
using the EDC/NHS protocol as well as natively-formed biofilms on glass. They
found differences between the two modes of attachment in the bacterial spring con-
stants (i.e. elasticity) of the studied cells and in the adhesive properties of the cell
surfaces. It is evident that the biological significance of the APTES/EDC/NHS
method must be analysed carefully before any conclusions can be made.

Other researchers have successfully applied EDC/NHS/APTES to immobilise
other biological samples for SFM. Chen et al. [248] immobilised the nitrogen fixing
bacteria Bradyrhizobium japonicum and probed the bacterial cell surface polymers
with soybean agglutinin-modified SFM probes. The authors found a considerably
different behaviour between the adhesion forces acquired in the presence of Mg2+
and Ca2+ with those acquired in the presence of (Gal)/N-acetyl-galactosamine,
a substance which blocks the soybean agglutinin receptor sites. Other biological
samples like bacteriophages [162] and proteins [259] have been attached to surfaces
using this methodology.

Since proteins can also be bound via the EDC/NHS methodology, it is im-
portant to consider if the presence of these in the cell suspension medium could
affect the efficiency of the attachment of the cells to the substrate. Potentially,
proteins with primary amine residues could compete with the APTES surface for
the carboxylic acid binding sites on the cell surface. Ideally the buffer in which the
reaction takes place, should be relatively free of proteins, apart from those which
are being excreted by the cells or released by lysed cells. So far, the extent of this
competition remains unknown.

When using APTES/EDC/NHS the imaging can be performed under water,
PBS or any of the Good’s buffers (e.g. MOPS, HEPES, MES etc. These are
commonly used biological buffers, proposed by Good et al. in 1966 [260]), making
it a very flexible method, that can study cells in physiological conditions.
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Figure 3.14: Reaction scheme of the immobilisation of bacterial cells using the
zero-length EDC/NHS crosslinking reaction. Image adapted from [167].
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diary or (b) the neutral imine. Bac: Bacterium, Sub: Substrate. Image adapted
from [258].
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3.3 Immobilisation of Rhodococcus spp. and
Pseudomonas spp.

Having reviewed a wide choice of literary sources, and being aware of the challenges
in the immobilisation of bacterial entities for SFM scanning, it was decided to
experiment with different techniques, starting from the mild ones, like biofilm for-
mation and mechanical entrapment, followed by electrostatic immobilisation and
concluding with the formation of covalent bonds. In the following sections diverse
immobilisation trials will be presented, discussing their suitability for rhodococci
and pseudomonads.

3.3.1 General experimental protocol for bacterial growth

Rhodococcus and Pseudomonas species have often been isolated from contaminated
sites during screening programmes for pollutants [8,261]; Rhodococcus spp. Rc291
and Rc92 were isolated from a gasworks site in Newcastle, England and were gifts
from J.A.C. Archer of the University of Cambridge. Pseudomonas Pse1 and Pse2
were isolated from a phenol contaminated aquifer in the West Midlands, England.
The bacterial strains strains from at -80 ◦C frozen stocks (70% bacterial suspen-
sion, 30% glycerol) were plated onto Reasoner’s (R2A) agar (Oxoid, Hampshire,
England) plates (Table 3.1) for 3 days at 20 ◦C. The plates were stored at 4 ◦C
and used for a maximum time of 1 month. R2A media is used for slow-growing
species, the growth of which could be suppressed by a faster growing strain, and
thus this media is scarce in nutrients. A picture of a set of these bacterial plates
can be seen in Figure 3.16.

The cells were pre-cultivated in a culture tube containing 3mL of AB10 medium
(Table 3.2) for 12 h at 20 ◦C in an incubator (Sanyo MIR-153 refrigerated incu-
bator, Sanyo-Panasonic, Loughborough, England) fitted with an orbital shaker
(Luckham R1000 Orbital Shaker, Luckham Ltd. Burgess Hill, England) at 50
r.p.m. 100 µL of this pre-culture were used to inoculate 100mL of AB10 medium,
in the aforementioned conditions, for 72 h.

Cells were pelleted by centrifugation at 1200 gn (MSE Centaur 2, MSE Ltd.
London, England) and resuspended in sterile 0.9% (w/v) NaCl to an optical den-
sity at 600 nm (OD600) of 0.2. (OD600 is a common way to assess the concentration
of bacterial cells in a suspension. The light scattering caused by the bacteria in
suspension is measured using an spectrophotometer at a wavelength of 600 nm.)
OD600 values were measured using a WPA light wave S2000 UV/Vis spectropho-
tometer (WPA, Cambridge, England).
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(a) Pse1 (b) Pse2

(c) Rc92 (d) Rc291

Figure 3.16: R2A plates in which the studied strains were grown. Fresh agar
plates were prepared every month, taking fresh cells from the frozen glycerol stocks.
The plates were grown at 20 ◦C for 3 days and kept at 4 ◦C thereafter.
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Composition of R2A media

Ingredient Concentration (g/L)

Yeast extract 0.5
Proteose peptone 0.5
Casamino acids 0.5
Glucose 0.5
Soluble starch 0.5
Sodium pyruvate 0.3
K2HPO4 0.3
MgSO4 · 7H2O 0.05
Agar 15.0

Table 3.1: Composition of R2A agar [262].

5 mL of the adjusted cell suspension were added to 45mL of AB10 and grown
under the same conditions to late exponential or early stationary phase, normally
to an OD600 of 0.3–0.4 (When the values of the absorbance of the cell suspension are
correlated with the growth time, a growth curve can be plotted. More information
about the growth curves can be found in Appendix E. For a visual summary of
the preparation technique refer to Figure 3.17).

In the final step, the cells were harvested by centrifugation at 1200 gn and
washed or resuspended according to the particular requirements of each technique.
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Batch Ingredient Concentration

A (NH4)2SO4 1.51 mM
Na2HPO4 3.37 mM
KH2PO4 2.20 mM
NaCl 179 mM

B CaCl2 10 mM
MgCl2 0.1 mM
FeCl3 1 mM

Trace CaSO4 0.2 mg/L
FeSO4 · 7H2O 0.2 mg/L
MnSO4 · H2O 20 µg/L
CuSO4 20 µg/L
ZnSO4 · 7H2O 20 µg/L
CoSO4 · 7H2O 10 µg/L
NaMoO4 · H2O 10 µg/L
H3BO3 5 µg/L

Carbon Source Glucose 2 mM

Table 3.2: Composition of AB10 medium [263]. A and B were autoclaved sep-
arately, to avoid precipitation, and mixed afterwards. The A and B mixture was
kept refrigerated at 4 ◦C until use. The trace elements were mixed and filtered
and were added along with the carbon source immediately before the preparation
of the culture.
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Figure 3.17: Bacterial growth procedure.

3.3.2 Mechanical entrapment through or on filter pores

Immobilisation of Pseudomonas on polycarbonate membranes

Our own efforts of immobilising the studied strains on membranes can be seen in
Figure 3.18. In Figure 3.18b, Pse2 cells were filtered onto polycarbonate filters.
The cells seem to be in close contact with each other, forming a monolayer de-
posited on top of the membrane. Details of the cell membrane can be appreciated
as well as globules of organic material in the interstitial spaces between the cells.
The cells appear somewhat deflated, due to the combined action of dehydration
and suction. For the particular case of rod-shaped cells, this immobilisation tech-
nique is not ideal, because the cells are not properly trapped inside the holes. In
the presence of a liquid medium, the cells immediately detach, as the interaction
forces between the cells and the membrane are feeble.

As stated before, Turner et al. [160] used highly alkaline solutions to etch the
membranes, increasing the diameter of the hole, and evening out their sizes. Since
there are only a few available pore sizes in commercially available polycarbonate
membranes, etching the pores until a desired hole diameter is achieved is highly
advantageous. Furthermore, a possibility exists that two pores merge together into
one that could accommodate a rod-shaped cell.
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Experimental conditions for the mechanical immobilisation technique

The bacterial cells shown in Figure 3.18 were grown and harvested as explained in
Section 3.3.1. Bacterial cells were grown to early stationary phase and adjusted
to an optical density of 0.2. 5 mL of the suspension were filtered through 1.2
µm Millipore RTTP hydrophilic polycarbonate membranes (Millipore Germany)
mounted on 25 mm syringe filter holders (Sartorius, Germany).

Some membranes were used as sold and others were etched for 3 h in NaOH
4 M, and washed thoroughly with water afterwards. The etched membranes were
air-dried overnight.

The filters were attached to clean glass slides using double sided tape (Scotch
3M, England). The filters were imaged using a Veeco Dimension 3100 SFM
(Nanoscope IV, Digital Instruments, Woodbury, NY, USA) encased in a protective
acrylic box, where the humidity was measured to be 50% using a sensor (Sensirion
Humidity Sensor, Hero Electronics Ltd. Ampthill, England). The samples were
imaged in contact mode in air, using SNL-10 Veeco cantilevers, with a nominal
spring constant of 0.06 N/m and nominal resonant frequency in the 12-24 kHz
interval. Upon the addition of NaCl 0.9% the cells detached (Data not shown).

Mechanical entrapment was not a suitable method for the immobilisation of
the studied strains, as both Rhodococcus and Pseudomonas are rod-shaped organ-
isms. Even after etching the membranes with a 4 M NaOH solution for several
hours, suitable holes that could accommodate these bacteria were not found (data
not shown). Dupres et al. [180] and Alsteens et al. [138] both reported the im-
mobilisation of rod-shaped Mycobacterium bovis on the surface of polycarbonate
membranes. The bacterial cells shown in their reports do not seem to be lodged
inside a hole, but seem to be resting inside a crevice of the membrane. After
many attempts, using small and large pore sizes, and etched membranes, it was
not possible to obtain cells that could withstand SFM scanning in liquid using this
immobilisation technique.
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(a) Non-etched polycarbonate
membrane with a nominal pore
size of 0.2 µm.

(b) Pse2 on a polycarbonate
membrane, imaged in air.
The height scale is 220 nm.

Figure 3.18: Bacterial immobilisation on polycarbonate membranes. (a) Bare,
non-etched, polycarbonate membrane as seen with an SFM. The nominal size of its
pores is 0.2 µm. (b) Pse2 cells filtered onto a 1.2 µm alkaline etched polycarbonate
membrane. The cells are not entrapped inside the holes, and rest on the membrane
surface. The images were acquired in contact mode using an SNL-10 probe, using
the 0.06 N/m cantilever.

3.3.3 Attachment via hydrophobic interactions

Immobilisation of Rhodococcus and Pseudomonas on polystyrene

Since previous studies [24, 36] revealed that Rc291 and Pse1 formed extensive
biofilms on polystyrene, it was thought that this plastic would make a good support
for SFM scanning.

Rc291 forms substantial biofilms on polystyrene inserts that have been left
inside a growing bacterial suspension for 1–2 days, as seen in Figures 3.19 and
3.20.

Polystyrene also makes a very good support for SFM scanning in air. The
strain Rc291 was selected for the trials, as it was known that it possesses a high
value of hydrophobicity, of 76.9%, according to the MATH test (§2.5). It was found
that Rc291 attached to polystyrene substrates, and was an excellent support for
SFM scanning in air, even in contact mode. Figures 3.21 and 3.22 reveal sharply
defined, whole cells, where some details of their surfaces can be appreciated. Figure
3.22 shows the presence of amorphous material surrounding the cells, which could
be EPS, parts of lysed cells, or organic debris from the growth media. Since the
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Figure 3.19: Rc291 biofilm on polystyrene, grown for 24 h. Cells grown at 25 ◦C
in AB10, supplemented with 2 mM glucose. The cells were grown in the presence
of a polystyrene insert. This image was taken with a 40× objective.

biofilms are in their first stages of formation, no three dimensional network has
been formed yet and thus single bacterial cells can be imaged on polystyrene.

However, when the cells are imaged in water, media or buffer, the attachment
is not strong enough, and the cells tend to detach with repeated scans, or appear
fuzzy. Figures 3.23, 3.24 and 3.25 show the effect that water or media have on the
attached biofilm. Some cells withstand the scanning, whereas others detach com-
pletely after several frames have been acquired. After many experiments in which
the growth times, imaging medium and type of polystyrene were systematically
varied, it was concluded that the sole use of hydrophobic interactions was not good
enough to immobilise the cells for SFM scanning in physiological conditions.

Experimental conditions for polystyrene immobilisation

Two different brands of Petri dishes were used: Sterilin (Sterilin, Teddington,
UK) and ibidi (ibidi GmbH, Munich, Germany). The former are made out of
virgin polystyrene, sterilised by γ -radiation and manufactured in mirror finished
moulds to ensure optical clarity [264]. The ibidi dishes are made of hydrophobic
polystyrene of the highest optical quality. These dishes have a refractive index and
birefringence similar to those of glass. The optical quality of ibidi dishes ensures
low roughness, making them suitable for high resolution microscopy [265].
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Figure 3.20: Rc291 biofilm on polystyrene, grown for 46 h. Cells grown at 25 ◦C
in AB10, supplemented with 2 mM glucose. The cells were grown in the presence
of a polystyrene insert. This image was taken using a 40× objective.

Rc291 cell colonies were taken from the agar plates and grown in AB10 liquid
medium, supplemented with glucose 2 mM, inside of Sterilin or ibidi Petri dishes
for 24 h at 20 ◦C. Once this time has lapsed, the culture medium was decanted
and the bottom of the Petri dish, where the cells were attached, was carefully
rinsed with ultra pure water (distilled and deionised to an electric resistivity of 18
MW· cm) and allowed to dry. The cells were then imaged in air, or under water or
media.

The plates, shown in Figures 3.21 - 3.25 were imaged using a Dimension 3100
system (Nanoscope IV, Digital Instruments, NY, USA) in contact mode, using
MLCT Si3N4 SFM probes (Bruker AFM Probes, USA), with a spring constant of
0.01 N/m. The images were acquired using low scanning frequencies (0.5 Hz) to
avoid cell detachment. Biofilm morphology was assessed visually using a light
transmission microscope (Olympus BX50W1, Olympus Optical Ltd., Watford,
UK) with a 40× objective, and representative images were captured using the
CellB imaging software (Olympus Optical Ltd., Watford, UK) (Figures 3.19 and
3.20).
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(a) Rc291 on polystyrene, im-
aged in air. The height scale is
800 nm.

(b) Rc291 on polystyrene, im-
aged in air. The height scale is
1 µm.

Figure 3.21: Rc291 attached to polystyrene. Biofilms formed on Sterilin Petri
dishes after 24 h. The images were acquired in contact mode using an MLCT
probe, using the 0.01 N/m cantilever.

(a) Rc291 cell on polystyrene,
imaged in air. The height scale
is 800 nm.

(b) Rc291 cells on polystyrene,
imaged in air. The height scale
is 800 nm.

Figure 3.22: Rc291 attached to polystyrene. Biofilms formed on ibidi Petri
dishes after 24 h. The images were acquired in contact mode using an MLCT
probe, using the 0.01 N/m cantilever.
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(a) Rc291 cells on polystyrene,
imaged in air. The height scale
is 1µm.

(b) Rc291 cells on polystyrene,
imaged in water. The height
scale is 1 µm.

Figure 3.23: Rc291 attached to polystyrene. Biofilms formed on Sterilin Petri
dishes after 24 h. Fuzzy bacterial cell surfaces can be seen in Figure 3.23b. The
images were acquired in contact mode using an MLCT probe, using the 0.01 N/m
cantilever.

(a) Rc291 cells on polystyrene,
imaged in water. The height
scale is 1 µm.

(b) Rc291 cells on polystyrene,
imaged in water. The height
scale is 1 µm.

Figure 3.24: Rc291 attached to polystyrene. Biofilms formed on Sterilin Petri
dishes after 24 h. Figure 3.24a shows horizontal lines produced either by the
detachment of cellular fragments or by the drift of the cantilever and/or sample
through time, generating tip dragging. The images were acquired in contact mode
using an MLCT probe, using the 0.01 N/m cantilever.
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(a) Rc291 cells on polystyrene,
imaged in air. The height scale
is 1 µm.

(b) Rc291 cells on polystyrene,
imaged in AB10. The height
scale is 700 nm.

Figure 3.25: Rc291 attached to polystyrene. Biofilms formed on Sterilin Petri
dishes after 24 h. Figure 3.25b shows horizontal lines produced either by the
detachment of cellular fragments or by the drift of the cantilever and/or sample
through time, generating tip dragging. The images were acquired in contact mode
using an MLCT probe, using the 0.01 N/m cantilever.

3.3.4 Attachment via electrostatic interactions

APTES

APTES immobilisation promotes the formation of extensive biofilms, as seen in the
optical microscopy image shown in Figure 3.26, for Rc291. APTES coated surfaces
are also suitable for detailed SFM images in air, as seen in Figure 3.27, where
some surface features, like capsular material and membrane rugosity are apparent.
Occasionally, it was possible to image Rc291 cells under their growth medium
(Figure 3.28), AB10, observing a fuzzy cell surface and some other fragments
detaching under the action of the SFM probe. After many attempts where the
contact time, imaging medium and APTES concentration were varied, without
obtaining consistently satisfactory results, it was concluded that APTES-coated
surfaces were not a reliable methodology for the immobilisation of our bacterial
strains for SFM studies.

Experimental conditions for APTES immobilisation

The coating of the APTES surfaces started by thoroughly cleaning microscope
glass slides. Firstly they were cleaned using an ultrasonic bath (Branson 2510 40
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Figure 3.26: 24 h Rc291 biofilm on glass coated with APTES. Cells grown at
20 ◦C in AB10, supplemented with 2 mM glucose. The cells were grown inside a
Petri dish containing a glass slide coated with APTES. Image taken with a 50×
objective.

KHz, Branson Ultrasonics Co., Danbury, CT) with detergent (Decon Laboratories,
Sussex), followed by water rinsing. The glass slides were then soaked in piranha
solution (i.e. 70% H2SO4, 30% H2O2, both Sigma-Aldrich, Dorset, England) for 1
h. The acid-cleaned slides were then thoroughly rinsed with deionised water and
methanol, dried with N2 gas and kept in a sealed container.

The glass slides were then submerged into a slide chamber in a 10% APTES
(Sigma-Aldrich, Dorset, England) methanolic (Methanol, Fischer, Leicestershire,
England) solution for 15 min. The slides were then removed from the solution,
rinsed with water and methanol and left to dry overnight in a vacuum oven at
40 ◦C to eliminate all traces of solvent. The slides were used immediately after
preparation.

The bacterial cells were grown as in Section 3.3.1 until late exponential phase
or early stationary phase. The suspension was centrifuged, the old medium poured
out and the cells were resuspended in fresh AB10 medium. 500 µL of the bacterial
suspension were deposited onto the APTES coated slide and spread over the sur-
face. The bacteria were left to settle for 1 h before the SFM experiment, avoiding
evaporation. The APTES slides were gently rinsed with water and left to dry, for
scanning in air, or gently rinsed with AB10 for liquid imaging.
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(a) Rc291 cells on APTES, im-
aged in air. The height scale is
350 nm.

(b) Rc291 cells on APTES, im-
aged in AB10. The height scale
is 370 nm.

Figure 3.27: Rc291 attached to an APTES coated surface. The images were
acquired in contact mode using an MLCT probe, using the 0.01 N/m cantilever.

The samples, shown in Figures 3.27 and 3.28 were imaged using a Dimension
3100 system (Nanoscope IV, Digital Instruments, NY, USA) in contact mode, using
MLCT Si3N4 SFM probes (Bruker AFM Probes, USA), with a spring constant of
0.01 N/m. The images were acquired using low scanning frequencies (0.5 Hz)
to avoid cell detachment. The samples in Figure 3.28 were scanned under AB10
medium.

Biofilm morphology was assessed visually using a light transmission microscope
Nikon Eclipse ME 600 (Nikon, Melville, NY) with a 50× objective. The microscope
was coupled to a Pixelink camera (Pixelink, Ottawa, Canada) and representative
images were captured using the Pikelink OEM imaging software (Pixelink, Ottawa,
Canada).
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(a) Rc291 cell on APTES, im-
aged in AB10. The height scale
is 1 µm.

(b) Rc291 cell on APTES, im-
aged in AB10. The height scale
is 180 nm.

Figure 3.28: Rc291 attached to an APTES coated surface. The images were
acquired in contact mode using an MLCT probe, using the 0.01 N/m cantilever.

Polyethyleneimine

Figure 3.29: Rc291 biofilm on glass coated with PEI. Cells grown at 20 ◦C in
AB10, supplemented with 2 mM glucose for 24 h. The cells were grown inside a
Petri dish containing a glass slide coated with PEI. This image was taken with a
50× objective.
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Experimental conditions for PEI immobilisation

The coating of the PEI surfaces started by thoroughly cleaning microscope glass
slides. Firstly they were cleaned using an ultrasonic bath (Branson 2510 40 kHz,
Branson Ultrasonics Co., Danbury, CT) with Decon detergent (Decon Labora-
tories, Sussex), followed by water rinsing. The glass slides were then soaked in
piranha solution for 1 h. The acid-cleaned slides were then rinsed with plenty of
water and methanol, dried with N2 gas and kept in a sealed Petri dish until use.

The glass slides were then submerged into a slide chamber in a 0.2% PEI
(Sigma-Aldrich, Dorset, England) aqueous solution at pH 7 for 4 h. The slides
were then removed from the solution, rinsed with water and left to dry overnight
in a vacuum oven at 40 ◦C to eliminate all traces of solvent. The slides were used
immediately after preparation.

The bacterial cells were grown as in Section 3.3.1 until late exponential phase
or early stationary phase. The suspension was centrifuged, the old medium poured
out and the cells were resuspended in fresh AB10 medium. 500 µL of the bacterial
suspension were deposited onto the PEI coated slide and spread over the surface.
The bacteria were left to settle for 1 h before the SFM experiment, avoiding evap-
oration. The PEI slides were gently rinsed with water and left to dry, for scanning
in air, or gently rinsed with AB10 for liquid imaging.

The samples, shown in Figures 3.30- 3.35 were imaged using a Dimension 3100
system (Nanoscope IV, Digital Instruments, NY, USA) in contact mode, using
MLCT Si3N4 SFM probes (Bruker AFM Probes, USA), with a spring constant of
0.01 N/m. The images were acquired using low scanning frequencies (0.5 Hz) to
avoid cell detachment. The images shown in Figures 3.31b and 3.35 were acquired
in water.

Biofilm morphology was assessed visually using a light transmission microscope
Nikon Eclipse ME 600 (Nikon, Melville, NY) with a 50× objective, coupled to
a Pixelink camera (Pixelink, Ottawa, Canada) and representative images were
captured using the Pixelink OEM imaging software (Pixelink, Ottawa, Canada).
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(a) Rc291 cells on PEI, imaged
in air. The height scale is 250
nm.

(b) Rc291 cells on PEI, imaged
in air. The height scale is 380
nm.

Figure 3.30: Rc291 attached to PEI. The images were acquired in contact mode
using an MLCT probe, using the 0.01 N/m cantilever.

(a) Rc291 cells on PEI, imaged
in air. The height scale is 90
nm.

(b) Rc291 cells on PEI, imaged
in water. The height scale is
420 nm.

Figure 3.31: Rc291 attached to PEI. The images were acquired in contact mode
using an MLCT probe, using the 0.01 N/m cantilever.
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(a) Rc92 cell on PEI, imaged
in air. The height scale is 240
nm.

(b) Rc92 cell on PEI, imaged
in air. The height scale is 240
nm.

Figure 3.32: Rc92 attached to PEI. The images were acquired in contact mode
using an MLCT probe, using the 0.01 N/m cantilever.
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(a) Rc291 cell on PEI, imaged
in air. The height scale is 100
nm.

(b) 3D view of an Rc291 cell.
The height scale is 100 nm.

Figure 3.33: Rc291 attached to PEI. The images were acquired in contact mode
using an MLCT probe, using the 0.01 N/m cantilever.
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(a) Rc92 cells on PEI, imaged
in air. The height scale is 300
nm.

(b) Rc92 cells on PEI, imaged
in air. The height scale is 300
nm.

Figure 3.34: Rc92 attached to PEI. The images were acquired in contact mode
using an MLCT probe, using the 0.01 N/m cantilever.

(a) Rc92 cells on PEI, imaged
in water. The height scale is
300 nm.

(b) Rc92 cells on PEI, imaged
in water. The height scale is
300 nm.

Figure 3.35: Rc92 attached to PEI. The images were acquired in contact mode
using an MLCT probe, using the 0.01 N/m cantilever.
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3.3.5 Adhesion enhanced by polyphenolic proteins

Figure 3.36: Pse2 biofilm on glass coated with Cell-Tak®, grown for 24 h. Cells
grown at 20 ◦C in AB10, supplemented with 2 mM glucose. The cells were left to
settle for 15 min on a glass slide coated with Cell-Tak®, with a coating density of
20 µg/slide. This image was taken with a 50× objective.

Cell-Tak® and polyphenolic proteins, and derivatives (e.g. l-DOPA) are well
known in biology for being suitable adhesives for a wide variety of biological sam-
ples. Commonly these samples are eukaryotic cells [266] or proteins. Very few
examples have been found in the literature where Cell-Tak® is used to attach bac-
teria for SFM scanning, and the attempts are not always successful. For instance,
Razatos et al. [224] could not attach E. coli K-12 using Cell-Tak®, and employed
glutaraldehyde instead. Similarly, Bailey et al. failed to see immobilised S. aureus
SH1000 cells through polyphenolic proteins, and used mechanical trapping instead.

On the other hand, Meyer et al. [166] successfully immobilised a range of Gram
positive and negative bacteria using this methodology, as shown in Section 3.2.3.
Following their positive results, it was decided to pursue this technique. Unfortu-
nately, this immobilisation method did not prove to be appropriate for the strains
that we were using, which failed to withstand SFM scanning under liquid. The
result of our efforts can be seen in Figure 3.38 where feebly immobilised Rc92 and
Pse2 cells can be seen. Cellular material is being dragged by the action of the
probe, and consequently the cells appear fuzzy and indistinct. It was concluded
that polyphenolic proteins were not a suitable candidate for the immobilisation of
the strains used in the present thesis.
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Experimental conditions using polyphenolic proteins

Cell-Tak® is a solution of polyphenolic proteins patented by Benedict and Picciano
in 1992 [267] and commercialised by BD Biosciences (Bedford, MA, USA). The
adhesive is sold dissolved in a concentration of 1 mg/mL in 5% acetic acid. Cell-
Tak® is taken to pH 8 using Na2CO3 (Sigma-Aldrich, Dorset, England) 2M. 1–2%
isopropyl alcohol (Sigma-Aldrich, Dorset, England) is added to the mixture to
decrease the surface tension of the solution. Cell-Tak® is applied to glass surfaces
at a concentration of 20 µL/slide and spread using the “blood smear technique”
[203]. The blood smear technique is shown in Figure 3.37: a small drop of the
polyphenolic protein solution is deposited on the glass slide using a micropipette.
A second clean slide is held on top of the drop at a 30◦ angle. The spreader slide is
pushed so that the edge barely touches the drop of Cell-Tak®, which by capillary
action will wet the edge of the spreader slide. The spreader slide is then dragged
across the surface of the sample slide, to create a thin film of even thickness. The
slides are then left to settle for 20 min and are rinsed with water, air dried and
left in the fridge until use. Typically the slides were prepared just before the SFM
experiment.

The cells were grown as explained in Section 3.3.1. Once the cells were har-
vested, they were washed twice with PBS, and resuspended in PBS where they
were kept until the experiment.

500 µL of the cell suspension were transferred and spread onto the Cell-Tak®

coated slide and left to settle for 10 minutes and rinsed with MOPS 20 mM. MOPS
is the common name for the buffer 3-(N-morpholino)propanesulfonic acid, a buffer
type introduced by Good et al. in 1966 [260]. It has a pKa of 7.2, making it an
excellent choice as a biological buffer in neutral conditions.

The cells shown in Figure 3.38 were imaged using a Dimension 3100 system
(Nanoscope IV, Digital Instruments, NY, USA) in contact mode in MOPS 20 mM,
using SNL-10 Veeco cantilevers, with a nominal spring constant of 0.06 N/m and
nominal resonant frequency in the 12–24 kHz interval. The pictures were acquired
with a slow scanning frequency of 0.25–0.5 Hz, to avoid cell detachment.
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Figure 3.37: Blood smear technique used to spread a drop of Cell-Tak® on a
microscope glass slide.

(a) Rc92 cells on Cell-Tak®,
imaged in MOPS. The height
scale is 1 µm.

(b) Pse2 cells on Cell-Tak®,
imaged in MOPS. The height
scale is 1.3 µm.

Figure 3.38: Bacteria attached to a Cell-Tak® coated surface. The images were
acquired in contact mode using an SNL-10 probe, using the 0.06 N/m cantilever.
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3.3.6 Covalent immobilisation of bacteria

The EDC/NHS/APTES methodology, described in Section 3.2.5 was implemented
for the attachment of the working strains. Since none of the previously described
methods yielded strong, repeatable samples that could be scanned in liquid for
extended periods of time, it was decided to attach the cells to aminosilanised
(APTES) substrates using covalent bonds (EDC/NHS). In the following sections,
the preparation methods of the substrates and cells will be detailed, alongside
characterisation methods of the APTES surfaces.

Substrate preparation

Silicon wafers of 425±25 µm thickness, with a native oxide superficial layer, (Prolog
Semicor, Kiev, Ukraine) were cut into rectangles of 0.5 × 1 cm. The substrates
were cleaned using piranha solution for 1 h (with a ratio of H2SO4:H2O2 7:3)
and then rinsed with copious amounts of deionised water. The wafers were then
boiled in water for 1 h and the water was replaced 2–3 times during this process.
Afterwards the wafers were rinsed with analytical grade ethanol (Sigma-Aldrich,
Dorset, England) and sonicated in HPLC grade methanol (Fisher, Leicestershire,
England). The wafers were kept in a sealed vial containing methanol until they
were used.

The silicon wafers were immersed in 30% v/v of 3-aminopropyltrietoxysilane
(Sigma-Aldrich, Dorset, England) in HPLC grade dry methanol (Fisher, Leicester-
shire, England) for 1 h. The reaction was conducted in a custom-made closed cell,
previously flushed with N2 (g). The silane was previously distilled under an argon
atmosphere. Dry conditions were kept to avoid the hydrolysis of the ethoxy groups
in APTES, as it has been suggested that the presence of water leads to the poly-
merisation of the silane in the reaction vessel; this ultimately reduces the grafting
efficiency which would consequentially lead to poor cell attachment [268–270].

After the reaction vessel was open, each wafer square was rinsed with 50 mL
of methanol and 50 mL of analytical grade water (AnalaR Normapur, VWR,
Fontenay-Sous-Bois, France). It is important to keep the wafers immersed in the
APTES solution until they are ready to be washed with the solvents, otherwise
the silane forms a very rough surface. Once they had been washed, the wafers
were dried under a nitrogen stream and kept at 4◦C until they were used. (They
were never stored for more than 2 weeks.)
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Spectroscopic ellipsometry

Spectroscopic ellipsometry is used to measure the changes in light polarisation that
occur when a light beam is reflected onto a thin film deposited upon a reflective
substrate. The changes in polarisation are related to the nature of the layer ma-
terial and its thickness. Thus, ellipsometry is a non-destructive optical technique,
that allows the measurements of the thickness of thin transparent films.

Spectroscopic ellipsometry measurements were employed to investigate the
thickness of the APTES layer. A M2000 V rotating compensator ellipsometer
(J.A. Woollam Co., Inc., Lincoln, England) was used. Precautions were taken
to avoid defective areas of the wafers. The measurements were taken at a fixed
angle of incidence of 70◦ to the surface normal. The spectra generated were fit-
ted with a multilayer model of Si + SiO2 native layer (2 nm) + Cauchy, using
the CompleteEase analysis software (J.A. Woollam Co., Inc., Lincoln, England).
The refractive index np of the dry APTES layer was described using the Cauchy
approximation,

np(λ) = An + Bn

λ2 + Cn

λ4 (3.3)

with the starting parameters A = 1.555, B = 0.4928 µm−2 and C = 0.01314 µm−4,
which were fitted by iteration. Using this model, the average thickness of APTES
was determined to be 10.22± 5.44 nm (n = 35).

Contact angle measurements

Measurements of the water contact angle on APTES surfaces were made using
a Theta optical tensiometer (Attension, Biolin Scientific, Espoo, Finland) using
the static sessile method. The experiments were made using water (18 MW· cm)
dispensed from a syringe and freshly prepared APTES surfaces. Drop images were
collected using a digital camera and analysed with a curve fitting method using
the tangent approximation. A contact angle of 68.54 ± 0.10◦(n = 3 slides) was
obtained, after averaging 600 images per experiment.

Zero-length crosslinking reaction

The underside of the bacterial cells was anchored to the APTES coated surface
described in Section 3.3.6, via the EDC/NHS zero-length reaction.

EDC (Fluka, Dorset, England) and NHS (Sigma-Aldrich, Dorset, England)
were dissolved in 0.1 M sodium phosphate (pH 7.1) buffer to form stock solutions
at 0.5 M and 0.1 M, that were kept at 4 ◦C and used within 2 weeks. 100 µL EDC
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were added to 700 µL of the washed cell culture (washed 2× in PBS at 1200 gn
and resuspended in phosphate buffer to a final OD600 in the range of 0.2–0.7) to a
final concentration of 50mM. This mixture was made in an 1.5 mL microcentrifuge
tube and mixed on an orbital shaker at 225 rpm for 20 min. 200 µL of NHS were
then added to achieve a final concentration of 20mM. A rectangular silicon wafer
coated with APTES, was introduced into the microcentrifuge tube and was shaken
for 6 h at 50 rpm at 20 ◦C. The pH of the suspension remained close to neutral
because of the action of the phosphate buffer.

Cell viability

The viability and morphology of bacterial cells has been reported not to be affected
by the EDC/NHS treatment [252]. The Live/Dead Baclight® bacterial viability kit
(Molecular Probes, Eugene, OR) was used to confirm the vital state of Pse1, Pse2,
Rc92 and Rc291 before and after the covalent immobilisation. The Baclight® kit
is a two-colour assay that uses a mixture of SYTO9, a green-fluorescent nucleic
acid stain and the red-fluorescent nuclear acid stain propidium iodide. SYTO9
labels all bacteria in a population, including cells with intact membranes and
cells with damaged membranes. Propidium iodide, on the other hand, penetrates
only bacteria with damaged membranes, causing a reduction in the fluorescence
of SYTO9. As a result of that, live or whole cells fluoresce green and damaged
or dead cells fluoresce red. SYTO9 has an emission maximum at 500 nm and
propidium iodide at 635 nm.

3.6 µL of SYTO9 3.34 mM and 3 µL of propidium iodide 20 mM were combined
into 1 mL of phosphate buffer pH 7.1, to obtain final concentration of 12 µM and
60 µM respectively. The mixture was kept protected from light. 10 µL of the
dye mixture was added for each mL of cell suspension. The dyes were left to
incubate for 10 minutes, before measuring 10 µL of the stained cell suspension
and putting it on a microscope slide, and covering it with a coverslip. The samples
were analysed with an Olympus microscope (Olympus BX50W1, Olympus Optical
Ltd., Watford, UK) equipped with SWB (super-wide band) and WB (wide band)
filters. The first one allows a visualisation of the fluorescence of the green and
red channels (i.e. alive and dead cells), whereas the second one only allows the
visualisation of the red fluorescence. Representative images were captured using
the CellB imaging software (Olympus Optical Ltd., Watford, UK).

The efficacy of the dyes on the bacterial strains was verified by killing tests, in
which the sample is incubated in 70 % ethanol for 1 h, with the purpose of killing
the cells; if all the majority of the cells fluoresce red after the killing test, then one
can infer that the staining method worked appropriately.

Ana Lorena Morales-García



On the Adhesion Forces of Bacterial Membranes and Derivatives 112

Percentage of living cells (%)

Experiment Pse1 Pse2 Rc92 Rc291

Ethanol 70% (1 h) 0± 0 0± 0 0± 0 0± 0
No treatment (3 h) 100± 0 100± 0 100± 0 100± 0
EDC/NHS (3 h) 91± 0 73± 14 88± 5 84± 7
No treatment (6 h) 100± 0 100± 0 98± 0 100± 0
EDC/NHS (6 h) 84± 14 84± 8 65± 1 90± 15
EDC/NHS/APTES (6 h) 48± 6 38± 17 50± 8 40± 8

Table 3.3: Cell viability experiments using BacLight®. The quoted uncertainty
corresponds to the standard deviation of 4 measurements.

Fluorescent images of the four strains stained with SYTO9/propidium iodide
after 3 h of the EDC/NHS treatment can be seen in Figure 3.39 and in Figure
3.40 APTES-coated silicon wafers with crosslinked bacterial cells, after 6 h of
EDC/NHS treatment can be appreciated.

The number of live (i.e. green) cells and red (i.e. dead) cells in Figure 3.40 and
in Appendix A, were determined using the Fiji software [271]. Since there were
too many cells on each frame, manual counting was not practical, and automated
counting was using instead. To perform this operation, the images produced by
the SWB filter (i.e. dual fluorescence) were converted to a 16-bit greyscale format.
Then the threshold was adjusted to highlight all the cells, taking care not to include
noise pixels inside this threshold. Assemblies of bacterial cells were separated from
each other by watershed segmentation. Finally, the tool “Analyse Particles” was
used to determine the total number of cells. To calculate the number of dead cells,
the images produced by the WB filter (i.e. single red fluorescence) were analysed
as in the aforementioned protocol. Finally, to determine the number of live cells,
the number of particles calculated in the WB images was substracted to the total
number of particles in the frame, given by the SWB images. The results of such
counts, converted to percentages, appear in Table 3.3. The values recorded are
the average of 4 images of different sections of the same sample; the uncertainty
values correspond to the standard deviations of the cell counts.
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(a) Pse1 (b) Pse2

(c) Rc92 (d) Rc291

Figure 3.39: Bacterial cells after being treated with EDC/NHS, after 3 h of
incubation. The cells were stained with BacLight®.
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(a) Pse1 (b) Pse2

(c) Rc92 (d) Rc291

Figure 3.40: Bacterial cells attached to APTES substrates via the zero-length
EDC/NHS crosslinking reaction, after 6 h of incubation. The cells were stained
with SYTO9/propidium iodide and imaged with a super-wide band filter mirror
unit that allows the passage of the emission wavelengths of both dyes.
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SFM scanning

A Molecular Force Probe 3D system (MFP-3D, Asylum Research, Santa Barbara,
USA) was used for the imaging of bacterial cells attached via covalent bonds.
MLCT Si3N4 SFM probes (Bruker AFM Probes, Camarillo, USA) were employed,
using the cantilever with a nominal spring constant of 0.03 N/m.

The images were obtained in intermittent contact mode under MOPS 20 mM,
using slow scan frequencies (0.5–1 Hz). A couple of examples of bacterial cells
imaged with this technique are shown in Figures 3.41 and 3.42. The cells were
firmly immobilised the majority of the times, and details of the cell surfaces can
be appreciated. It was concluded that the use of covalent bonding through the
zero-length crosslinkers EDC and NHS on APTES was a reliable technique for
the immobilisation of Rhodococcus spp. Rc291 and Rc92 and Pseudomonas Pse1
and Pse2. Consequently, this method was chosen for all the imaging and force
experiments of these strains, as will be detailed in Chapter 4.

(a) Height image (b) Deflection image

Figure 3.41: Pseudomonas 1 cells imaged with a DDT-coated tip. The height
scale is 300 nm. The images were acquired in intermittent contact mode using
an MLCT probe, using the 0.03 N/m cantilever. n.b. A DDT tip is a chemically
functionalised tip used for chemical force microscopy; its use and preparation will
be detailed in Chapter 4.
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(a) Height image (b) Deflection image

Figure 3.42: Pseudomonas 1 cells imaged with a DDT-coated tip. The height
scale is 300 nm. The images were acquired in intermittent contact mode using an
MLCT probe, using the 0.03 N/m cantilever.

3.4 Concluding remarks

In this chapter, many immobilisation strategies were described, along with the
experimental conditions that were used in successful examples. The benefits and
difficulties associated with each technique were discussed and representative ex-
amples were given. In the second part of this chapter, the techniques that were
found in the literature were adapted and used for our bacterial systems. This
exercise proved to be time-consuming, since the selection of the best method of
immobilisation was not straightforward.

Based on the knowledge gathered during the course of these experiments, some
conclusions can be drawn and a general plan for immobilisation of bacterial strains
in presented in Figure 3.43. This plan is not universal and does not presume to
cover all the possible hurdles encountered during microbial scanning with an SFM
under liquid, but it is a starting point. The following paragraphs offer a quick
summary of the reasoning behind the order of the immobilisation techniques in
Figure 3.43; further details can be found all throughout the present chapter.

The first step is an obvious one, in which the experimenter should try to see
if the cells attach without the need of any additives. Although extremely rare,
some researchers have succeeded in doing this [272]. If the dragging force of the
microscope is too great for the cells to withstand, then the experimenter should
try to constrict them mechanically. The excellent approach taken by Kailas et
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al. [164] was discussed in this chapter. They designed lithographic grids with the
ideal measurements to constrict S. aureus cells. Since this was the only strain they
were using, it made sense to have this state-of-the-art grid. In later experiments
in the same research group [179], this technique was enhanced by increasing the
hydrophobicity of the substrate by covering it with polystyrene, and this the cells
could be trapped more frequently and predictably.

In general, mechanical entrapment can be applied to immobilise spherical cells,
making use of polycarbonate membranes, which have nearly circular pores. Al-
though polycarbonate membrane manufacturers (e.g. Millipore) produce a variety
of sizes, it is possible to increase the diameter of the holes by etching the mem-
branes in a highly alkaline solution as in the publication by Turner et al. [160].
This method is excellent for stiff cells (e.g. S. aureus, S. cerevisiae), but the use of
this technique might prove challenging for more compliant cells, like Streptococcus
pneumoniae [273].

Hydrophobic cells, like Rhodococcus can often be immobilised onto hydropho-
bic substrates. If the substrate is rough it is more likely that the cells will be
accommodated in crevices and resist being washed off by the hydrodynamic forces
that surround the probe.

The majority of the cells possess a negatively charged envelope, and thus they
display attractive interactions with polycationic surfaces. Indeed, this property has
been exploited by many researchers who have successfully imaged and analysed
cells attached with this methodology. Often they performed these scans under
pure water to minimise screening by ions. This solution, however, could cause
osmotic damage to the cells and therefore it should be used with care.

If all the previous techniques were unable to immobilise the cells reliably for
continuous SFM imaging, then covalent bonds might be required. For the partic-
ular case of the cells studied in this thesis the EDC/NHS/APTES methodology
was successfully applied and hence we can infer that the cell envelopes were rich in
carboxylic acid groups to support bond formation with the substrate (see Figure
3.14). For bacterial cells that are poor in carboxylic acid groups but rich in amine
terminal groups, Camesano et al. [167] suggest a similar crosslinking protocol that
exploits the amino groups on the cell surfaces and binds them to surfaces rich in
carboxylic acids (i.e. inverse crosslinking).

In every method, the experimenter should take special care to minimise the
tip-cell interaction by an adequate selection of the scanning parameters, the SFM
probe and the imaging liquid. A systematic approach like the one taken in this
project and described on this diagram will increase the chances of getting repeat-
able samples in a short amount of time.
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Figure 3.43: Decision chart for a rational selection of the best immobilisation
method.
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4
Mapping the hydrophobicity of bacterial surfaces

As Israelachvili [82] beautifully narrates in the introduction to his classic book,“In-
termolecular and Surface Forces”, the interest in the interactions between molecules
dates back to the seventeenth century. Newton himself pondered about the rela-
tionship between the forces between molecules and the properties of matter, a
subject that continued to be interesting to many other scientists in the years to
come. With these musings, the field of intermolecular interactions was born. With
the advent of the atomic era and quantum mechanics in the 20th century, soon
it was established that all interactions between molecules arise from electrostatic
forces between electrons and protons between neighbouring particles. Since the
spatial distribution of electronic clouds in molecules still remains elusive to us
due to the technical impossibilities to solve the Schrödinger equation for a large
ensemble of atoms, we must settle for a less exact solution for the moment. So,
despite the fact that all forces between molecules arise from these electrostatic
attractions, we ought to simplify the problem and categorise the diverse inter-
molecular forces into subgroups. This is why we have the distinction between van
der Waals forces, hydrophobic interactions, solvation forces, hydrogen bonds and
other related forces.

The molecules that the author of this thesis is interested in studying, are lo-
cated on the outer membrane of bacterial cell walls. The intermolecular forces
that were measured, are between the molecules on the bacterial cell surface and
probing molecules or surfaces, located in an SFM probe. The type of forces inves-
tigated are a combination of van der Waals, hydrophobic and electrostatic inter-
actions. The means to study these chemical interactions are given by the use of
the force-distance mode of the scanning force microscope (SFM), in its chemical
force microscopy variant, which will be dealt with in the present chapter.
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4.1 Application of CFM to the study of bacteria

As defined in §2.6.6, chemical force microscopy is a variant of the typical SFM in
which the tip and/or the surface are derivatised in such a way that the interaction
forces between different functional groups are clearly distinguished. CFM was
developed by Charles Lieber and collaborators [132], in an attempt to selectively
measure interaction forces between self assembled monolayers, grafted onto flat
surfaces, and SFM probes. This publication opened a lot of possibilities in force
spectroscopy research.

There are many ways in which the AFM cantilevers can be derivatised with
a particular functionality. One of them consists in attaching aliphatic chains to
the silica surface via silanisation reactions. This method, although cheap and
uncomplicated, has the disadvantage of lacking an appropriate polymerisation
control [134]. The most popular method to modify SFM tips relies on the self-
assembly of thiol layers to gold coated cantilevers. These thiol molecules have long
carbonated chains and in the non-sulfurated end they bear a functional group of
hydrophobic or hydrophilic character (Figure 2.29 on page 59).

Chemical force microscopy has allowed a direct interrogation of surfaces of var-
ied chemistries and under diverse conditions, and it was therefore a natural step
to apply it to biological surfaces. A wide variety of physical, chemical and bio-
logical processes have been assessed through CFM, for example, spatially resolved
determination of surface forces, local determination of pK values [274] and the
mapping of the hydrophobicity [136,275] and adhesive properties [88] of bacterial
cell surfaces.

The surface of bacterial cells is a very complex consortium of chemically dis-
tinct polymers, that bear hydrophobic or hydrophilic groups. Therefore it is in-
teresting to analyse their behaviour towards probes that display hydrophobic and
hydrophilic functionalities. As a rule of thumb, adhesion forces are generally larger
between functional groups that are capable of forming hydrogen bonds than those
that cannot form these interactions; for example, one would expect, in principle,
larger interaction forces in a polar media between two acid groups -COOH/-COOH
than between two methyl groups -CH3/-CH3, but this behaviour can be affected
by the nature of the atmosphere, pH and electrolyte concentration.

It has been found that in ethanolic solution, the interaction between SAMs
of hydrophilic character is higher than between hydrophobic SAMs, as seen in
Figure 4.1. It was hypothesised that the ability of the acid terminations to form
hydrogen bonds surpassed any possible interaction (e.g. dispersion or hydrophobic
forces) that the methyl groups could have. The small adhesion between methyl
and carboxylic acid groups was attributed to the large and unfavourable interfacial
free energy that dominates these groups in ethanol [276].
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Figure 4.1: Comparative adhesion forces bewteen SAMs of diverse function-
alities. The mean adhesion values are: COOH/COOH: 2.3 ± 0.8 nN; CH3/CH3:
1.0±0.4 nN; CH3/COOH: 0.3±0.2 nN. Image reproduced with permission of [277].
Copyright (1995) American Chemical Society.
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Adhesion forces with hydrophobic and hydrophilic tips

Strain KCl (mM) Contact
angle (◦)

Force (nN)
ODT tip

Force (nN)
MUL tip

L. acidophilus 10 76 -1.34 -0.11
L. acidophilus 100 47 -0.88 -2.14

L. casei 10 32 -0.91 -1.96
L. casei 100 35 -2.31 -0.47

Table 4.1: Adhesion forces with hydrophobic and hydrophilic tips. ODT stands
for 1-octadecanethiol, which confers hydrophobic character to the tip. Hydrophilic
tips were functionalised with 11-mercapto-1-undecanol (MUL). Data taken from
[140].

Vadillo et al. [140] studied the adhesion forces between several Lactobacillus
strains with diverse hydrophobicities (property that was estimated by their con-
tact angle measurements) using methyl- and hydroxyl-terminated SFM probes. In
accordance with the expected behaviour, those strains with a large contact angle
had larger interaction forces with the hydrophobic tip than with the hydrophilic
tip. Conversely, bacterial cells that had low water contact angles showed a marked
preference for the hydrophilic tip. These measurements were found to be highly
dependent on the ionic strength of the scanning medium: when the concentra-
tion of the imaging solution (KCl) was increased by a factor of ten times, the
hydrophobic and hydrophilic strains reversed their behaviour and increased their
adhesion force with the other cantilever. The authors attribute this behaviour to
a change in conformation of the superficial macromolecules that provokes them to
expose different regions that have a different chemistry. The results of the force
measurements are summarised in Table 4.1.

In another classical example of CFM applied to the study of bacterial cell
surfaces, Dorobantu et al. [87] studied the adhesion of Rhodococcus erythropolis
and Acinetobacter venetianus. The former one was deemed highly hydrophobic
due to its elevated oil/water contact angle (153◦), while the latter one had a more
hydrophilic character (56◦). The bacterial cells were probed using MUL and ODT
functionalised probes (Table 4.2).

In the study conducted by Dorobantu et al. the use of tips with different chem-
ical functionality does not seem to have a marked effect on the generated adhesion
forces. It should also be taken into account the fact that the treatment of the data
(e.g. statistics, modelling) and the environmental conditions (e.g. scanning buffer)
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Adhesion forces with hydrophobic and hydrophilic tips

Strain K3PO3 (mM) Contact
angle (◦)

Force (nN)
ODT tip

Force (nN)
MUL tip

R. erythropolis 100 153 0.55 0.48
A. venetianus 100 56 0.41 0.39

Table 4.2: Adhesion forces with hydrophobic and hydrophilic tips. ODT stands
for 1-octadecanethiol, which confers hydrophobic character to the tip. Hydrophilic
tips were functionalised with 11-mercapto-1-undecanol (MUL). Data taken from
[87].

play a major role in the final output of the adhesion results, and thus, the values
of adhesion reported in different publications might not be directly comparable
(e.g. note the arbitrary change of sign in the adhesion values recorded on Tables
4.1 and 4.2).

Alsteens et al. [138] probed the mycolic-acid containing bacterial cells, My-
cobacterium bovis using methyl terminated thiols grafted onto SFM probes. They
found adhesion forces around 3 nN, evenly distributed throughout the cell. This
high adhesion force is suggestive of the interaction between the hydrophobic my-
colic acids and the methyl functionalities on the tip.

4.1.1 Chapter overview

Having in mind the applicability of CFM probes to the study of hydrophobic and
hydrophilic bacterial cells, it was decided to assemble a multivariate experiment.
The hydrophobic Rhodococcus Rc92 and Rc291, and the hydrophilic Pseudomonas
Pse1 and Pse2 (whose value of hydrophobicity was determined by their MATH
scores presented in Table 2.3 on page 43) were studied by means of SFM and
CFM. Four different tip functionalities were employed: silicon nitride (Si3N4),
gold (Au), a hydrophobic SAM (DDT) and a hydrophilic SAM (MUA). In this
chapter the results of these 16 different types of experiments will be described,
compared and explained.

The bacterial cells were firstly located and imaged using intermittent contact
mode, and many high resolution images were acquired. These pictures will be
presented and discussed in the §4.3. The distribution of adhesion forces on the
bacterial cell surfaces was determined using the force-volume mode of the SFM.
In this mode, a series of force-volume maps were recorded; these maps relate the
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topographic features of the cell with discrete measurements of their adhesion force.
A gallery of force maps is presented in §4.4.

The generated maps are analysed in terms of the adhesion force in each point
of the cell and such forces are compiled in histograms. The distributions were
described using a finite mixture model, that fits a number of Gaussian curves
to the force histograms. Details about these models and some examples of the
aforementioned fits can be found in §4.5.

The finite mixture models, along with statistical descriptors such as the median
and standard deviation, were used to assess the differences between (1) cells that
belong to the same culture, (2) different strains of the same species and (3) different
species of bacteria. The analysis revealed a high degree of heterogeneity in adhesive
measurements that exist within the surface of a particular cell. Ideas about the
heterogeneity of the measurements and a rationale about the difference between
groups is understood in terms of tip-sample interactions, which are discussed at
the end of the chapter.

4.2 Experimental protocols

4.2.1 Bacterial growth, substrate preparation and covalent
linking

The bacterial cells Pse1, Pse2, Rc92 and Rc291 were grown according to the
methodology written in (§3.3.1, p.86). The aminosilanised silicon substrates were
prepared following the instructions in §3.3.6, (p.109) and characterised using spec-
troscopic ellipsometry (§3.3.6, p.110) and contact angle measurements (§3.3.6,
p.110). The bacterial cells were firmly immobilised to the aminosililated substrates
using the EDC/NHS chemistry as explained in §3.3.6, p.110. A good proportion of
the cells were confirmed to be viable after 6 h of immobilisation, through the use
of SYTO9/propidium iodide fluorescent dyes, data which are presented in §3.3.6
on p.111 and in Appendix A.

4.2.2 SFM cantilever functionalisation

Chemically well-defined, clean, flat functionalised surfaces were prepared via self-
assembled monolayers. To start with, freshly-opened MLCT Si3N4 SFM probes
(Bruker AFM Probes, Camarillo, USA) were transferred to a clean glass Petri dish
and cleaned using a homemade oxygen plasma cleaner. To remove further organic
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contamination, the probes were introduced into piranha solution (i.e. 70% H2SO4,
30% H2O2, both Sigma-Aldrich, Dorset, England) for 1 h. The acid-cleaned probes
were then thoroughly rinsed with deionised water and ethanol, dried with N2 gas
and kept in a clean sealed container until functionalisation. All of these precau-
tions were taken because it has been found [278] that the poly(dimethylsiloxane)
gel-packs, in which the cantilevers are shipped in, contaminates the tips with sili-
cone oils. The presence of foreign substances might affect the coating process and
the reliability of the results. Regrettably, it was found that the piranha treat-
ment produced a low output of useful cantilevers, since the high temperatures
this solution generates and the excessive handling of the probes in the subsequent
washing steps, caused the fragile tips to break or to bend [279]. Other authors
have opted for less aggressive UV/ozone treatments [226], exposure to UV light or
more frequently use the cantilevers as they were sold.

Once the cantilevers have been cleaned, they are ready to be coated. Metal
films were deposited onto the probes using an Auto 306 evaporator (BOC-Edwards,
Crawley, UK). The evaporator was kept at a pressure of 10−7 − 10−6 mbar prior
to evaporation. Gold wire (99.99% purity, Goodfellow Metals, England) and
chromium chips (99.99%, Agar Scientific, England) were deposited into designated
evaporation boats: molybdenum boats for currents of 35 A for Au deposition, and
tungsten for currents of 55 A for chromium. The cantilevers were fixed to a home-
made support and introduced to the evaporator chamber. A 1 nm layer of Cr was
deposited at a rate of ∼ 0.3 nm/s. This primer layer is necessary in the cases in
which the top metal (Au) does not form oxides readily, in order to improve its ad-
hesion. Once the desired thickness was obtained, the evaporator was left to purge
the chromium vapour with the aid of vacuum for ten minutes. Consecutively, a 12-
15 nm layer of Au was evaporated. Gold is often chosen as the substrate for SAMs
due to its chemically inert behaviour, its ease of patterning and handling, the fact
that it can be easily evaporated onto diverse substrates and its non-toxicity, which
allows the study of living organisms. Once the gold layer was formed, the evap-
orator vas vented and the cantilevers were taken out and they were ready to be
used.

SAMs provide a very easy method to tailor the properties of metals. They are
formed by the adsorption of molecules present in a liquid or gaseous solution onto
a solid surface, in an ordered manner. The adsorbates arrange spontaneously in
a regular fashion and can even form crystalline layers; such adsorption happens
readily, as this process lowers the free energy at the metallic interface. These ad-
sorbates are tailored in such a way that on one end they have a ligand head group,
which presents high preference for the metallic substrate. The most common type
of SAMs are created from the interaction between alkanethiols and Au, Ag, Cu,
Pd, Pt, and Hg. The other end bears the functional group of interest [280].
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An idealised SAM is depicted in Fig 4.2. As shown, the typical thickness of
the layer is about 1-3 nm. The chains appear tilted with relation to the normal,
because it allows them to adopt a close-packed structure in which the ligand head
groups interact with the metal atoms at regular intervals.

Figure 4.2: Diagram of an ideal SAM on Au. The chains are tilted 30◦ from
the normal, to fill the space, because the van der Waals radii of the chains do not
exactly match the sites of the gold (111) lattice. The chains are arranged in such
a way that maximises the van der Waals interactions between atoms. In other
words, the side chains are stabilised to a great degree by hydrophobic interactions.
Image inspired from reference [280].

The self-assembled monolayers were prepared by immersing overnight the Au-
coated cantilevers in 1 mM ethanolic solutions of 11-mercaptoundecanoic acid
(MUA) (99% purity, Sigma-Aldrich, Dorset, England) or 1-dodecanethiol (DDT)
(≥ 98% purity, Sigma-Aldrich, Dorset, England), at room temperature. Even
though a dense coverage of molecules is attained in a few seconds, more time is
required to reorganise the molecules, in order to reduce the number of defects on
the SAM. After the grafting time had elapsed, the cantilevers were extracted from
the solution and carefully rinsed with analytical grade ethanol and air-dried. The
functionalised probes were immediately mounted on the SFM cantilever holder
and submerged into the scanning solution, to avoid contamination.
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4.2.3 SFM imaging and force measurements

A Molecular Force Probe 3D system (MFP-3D, Asylum Research, Santa Barbara,
USA) was used for the imaging of bacterial cells attached via covalent bonds.
MLCT Si3N4 SFM probes (Bruker AFM Probes, Camarillo, USA) were employed.
Out of the six cantilevers that the MLCT probes have, the one dubbed “D” (second
largest, see Figure 2.25 on page 54) was used. This cantilever has a resonant
frequency of 10–20 kHz, a spring constant of 0.01–0.06 N/m, a length of 220–230
µm and a width of 15–25 µm as reported by the manufacturer. Force calibration
was carried out, under buffer, following a two-step procedure established by Hutter
and Bechhoefer [281]. Firstly, the photodetector sensitivity (InvOLS : inverse
optical lever sensitivity) was measured by taking a force curve on a very stiff
sample. A clean silicon wafer was the substrate of choice, since it is very hard
and therefore it is assumed that any deflection detected during the measurement
is due to the probe, rather than to the sample. The sensitivity measured is the
gradient of the plot of photodetector signal against tip displacement. The slope of
the retraction curve on the resulting force curve was fitted manually. The InvOLS
was measured on three areas of the sample.

Once the InvOLS has been determined, the microscope head is retracted and
a thermal spectrum is acquired. A thermal tune is a way to determine the natural
frequency of the cantilever over a frequency range, by performing an iterative series
of frequency sweeps and finding an average value. The cantilever in this case will
behave like a harmonic oscillator, only driven by thermal noise. Usually 100-300
samples or sweeps were taken before fitting the fundamental resonance peak. On
average, the spring constant was found to be 0.040± 0.003 N/m (n = 17).

The images were obtained in intermittent contact mode, using slow scan fre-
quencies (0.5–1 Hz). The resonant frequency in liquid was determined by manually
tuning the cantilever and it was estimated to be in the range of 12–14 kHz.

Once the bacterial cells were localised using intermittent contact mode, the mi-
croscope was switched to contact mode. A number of force-distance curves were ac-
quired using the force-volume mode, inbuilt in the IgorPro software. Force-volume
mapping is capable of recording force-distance measurements in a 2-dimensional
array, correlating adhesive and mechanical parameters with the bacterial topog-
raphy. The force maps were acquired using 32 × 32 grids; each point on these
grids corresponds to a force measurement and has associated a height and adhe-
sion value. A diagram that depicts the way in which the force-volume mode of the
SFM works, can be seen in Figure 4.3.

The area that each of the acquired maps comprised, included regions belonging
to the bacterial cell and regions belonging to the APTES background. Both areas
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Figure 4.3: Force-volume mode on a 4 × 4 grid. The SFM cantilever moves in
the z direction, determining the force of adhesion and the height at a given point
of the surface. Once recorded, it moves in x or y to a neighbouring point, where
it takes another force-distance curve.
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showed very different adhesion forces and adhesion histogram profile, as seen in
Figure 4.4. Whereas the forces taken inside the cell have low values and a skewed
distribution, the forces recorded on the APTES are higher and appear more nor-
mally distributed. In order to distinguish these two regions and select only the
area pertaining the cell, a mask was employed (Figure 4.5). IgorPro is able to tell
the two surfaces apart if a threshold value is given. This threshold value can be
manually selected or it can be calculated using diverse methods. The masks were
determined using the iterative mask mode, through a series of computations that
have been described in reference [282].

Figure 4.4: Comparison between the forces generated by probing a cell and its
APTES background. The background is masked using an iterative mask, inbuilt
in the IgorPro software.

The measurements were obtained using a force distance of 500 nm and an abso-
lute trigger value of 100 nm, which is equivalent to a loading rate of approximately
40,000 pN/s (n.b. the loading rate is the change in the applied force with time).
The force applied to the sample was around 4 nN (it varied slightly, depending
on the value of the spring constant of the cantilever). The piezo z-velocity was
kept at a standard of 0.99 µm/s and the dwell time was kept at 0 s. Examples
of force-volume maps taken on Pse1 cells using a silicon nitride tip can be seen in
Figures 4.24-4.27 in §4.3 and other select examples of maps of Pse1 maps, acquired
with different cantilevers, can be found on the same section.

The images and measurements were acquired under MOPS 20 mM. MOPS
is one of the so-called Good’s buffers [260], a group of buffers widely used in
biology and biochemistry. MOPS has a pKa of 7.2, thus keeping the pH of the
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Figure 4.5: Mask used to separate the area belonging to the bacterial cell and the
area belonging to the APTES background. The size of the mask was automatically
generated by IgorPro, using an iterative algorithm.

solution close to neutral. MOPS is highly soluble in water, non-toxic, has limited
interaction with mineral cations, does not affect biochemical reactions and has
limited permeability through cellular membranes, making it an ideal candidate for
our applications (Figure 4.6) [283].
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Figure 4.6: Chemical structure of 3-(N-morpholino)propanesulfonic acid
(MOPS).

4.3 Imaging

As mentioned in Chapter 3, it is imperative to have the cells firmly anchored
to the substrate, in order to have adequate images and reliable samples. If
the sample fails to withstand the lateral force of the SFM tip, then the cells
will detach halfway through the scanning. While describing common approaches
to immobilise bacterial cells, it was made clear that for the particular case of
the studied Rhodococcus and Pseudomonas strains, only covalent linking between
the cells and the substrate seemed to consistently produce good samples, with
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strong linkages and reproducible behaviour. Even though the use of poly-l-lysine,
polyethyleneimine, polystyrene, polyphenolic proteins and polycarbonate mem-
branes occasionally produced bacterial cells that withstood scanning under a liq-
uid medium, these cells were extremely hard to find and much time was wasted
looking for them. Consequently it was decided to use the EDC/NHS/APTES at-
tachment protocol, that proved to have a considerably higher (albeit not 100%)
success rate.

Another key condition to image the bacterial strains that concern this thesis,
is to minimise the interaction between the tip and the sample through the use
intermittent contact mode instead of contact mode. It was found that even the
covalent linkages were not strong enough to hold the bacteria if they were being
scanned with continuous contact from the tip. The use of intermittent contact
mode ensured that the majority of the cells remained attached after they were
being imaged.

In order to obtain any reliable information from SFM images it is important
to be aware of the possibility of imaging artifacts. An experienced user will try to
minimise their presence during the scanning itself, but if this is not possible, the
images should be interpreted taking these artifacts into account, so that they do
not give false impressions. As long as the apex of the tip is much smaller than the
observed feature and is free of contaminants, the SFM will produce an accurate
representation of the sample. Therefore, an adequate tip size should be selected
prior to the experiments. A scale diagram of the tips used in this thesis and an
average bacterium is depicted in Figure 4.7.

In general, there are common artifacts and technical difficulties that the user
should be aware of:

Tip artifacts

• Object broadening: The object will appear different if it is scanned with a
sharp or a blunt tip. When the features are smaller than the tip radius they
will appear broader than what they actually are. Furthermore, the geometry
of the tip will also affect the shape of the sample. The pyramidal volume of
the tip might not be able to access some regions of the scanned surface.

• Damaged tips: If the tip has been damaged or if it has been contaminated
with the sample, it might give rise to the so called double-tip effect, depicted
in Figure 4.8. Moreover, if the tip gets contaminated, the debris can get
dragged along the sample and produce horizontal streaks. Often they can
be erased during the image post-processing [284].
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Figure 4.7: Relationship between the size of the probe and the average size of a
bacterium. The probe dimensions were taken from [130] and the average size from
the bacterium was calculated after having measured 48 bacterial cells.

Figure 4.8: Double tip effect. Artifact caused by the contamination or degrada-
tion of the SFM tip. This explains the double features in Figures 4.18b and 4.22b.
Image adapted from reference [122].

Scanner artifacts

• Feedback issues: The feedback mechanism controls the response of the
piezoelectric device towards changes in amplitude through the gains. If the
gains are too low, the tip does not make proper contact with the surface, and
the image appears blurry; if they are too high the image is distorted due to
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a ringing effect. Often, the user has to find the right balance in the image by
modifying the gains, but this might not be possible every time and artifacts
might be present in some of the images.

• Thermal and mechanical noise: External temperature changes might
complicate the SFM setup, especially at the beginning of the experiment.
Often it is convenient to allow the system to equilibrate before starting the
experiment. Often the user has to keep zeroing the deflection between im-
ages, as the signal in the photodetector tends to drift. The measured room
temperature while performing the mapping experiments presented in this
chapter was 28 ◦C and thus thermal drift and solvent evaporation commonly
presented technical difficulties. Acoustic and mechanical drift can also be an
issue, although the majority of the times these sources of noise were effec-
tively reduced by the air table on which the SFM is placed upon [284].

• Non-linear response: The response of the piezoelectric scanner to the
driving signal is non-linear and thus correction factors must be applied. Ad-
ditionally the images require post-processing to reduce the tilt of the sample
in relation to the tip, in a procedure known as flattening. The images were
flattened using the microscope software, IgorPro 6.22A, and other visible
defects, like streak lines, were smoothed.

4.3.1 Imaging Pseudomonas

Figures 4.9-4.16 are representative examples of Pseudomonas Pse1 and Pse2 as
imaged with Si3N4, Au, DDT and MUA cantilevers. The average length of Pseu-
domonas Pse1 was found to be 1.84 ± 0.54 µm and the width 0.92 ± 0.11 µm
(n=9 ). The average length of Pse2 was found to be 1.48± 0.24 µm and the width
0.84± 0.08 µm (n=9 ).

There are some aspects of the images that are noteworthy. Figures 4.11-4.14
have particularly defined surface features and these are examples of good imaging
conditions. Figure 4.14 clearly shows the presence of a great number of appendages
that protrude from the Pse2 cell. Other authors [285] have confirmed the expres-
sion of pili and flagella in related Pseudomonas after the bacteria have adhered.

Images, like Figure 4.9 and Figure 4.12 contain globules of material of a few
hundred nanometres that could either be cellular fragments of lysed cells or clusters
of EPS.
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(a) Height image (b) Deflection image

Figure 4.9: Pseudomonas 1 imaged with a Si3N4 tip. The height scale is 250
nm. The imaging parameters for this bacterium were not ideal, since some small
double features can be seen, and the image appears somewhat blurry.

(a) Height image (b) Deflection image

Figure 4.10: Pseudomonas 1 imaged with an Au tip. The height scale is 500 nm.

Ana Lorena Morales-García



On the Adhesion Forces of Bacterial Membranes and Derivatives 135

(a) Height image (b) Deflection image

Figure 4.11: Pseudomonas 1 imaged with a DDT tip. The height scale is 400
nm.

(a) Height image (b) Deflection image

Figure 4.12: Pseudomonas 1 imaged with a DDT tip. The height scale is 300
nm. A globule of organic material is located next to the cell. Its provenance might
be from EPS or cell debris.
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(a) Height image (b) Deflection image

Figure 4.13: Pseudomonas 1 imaged with a MUA tip. The height scale is 200
nm.

(a) Height image (b) Deflection image

Figure 4.14: Pseudomonas 2 imaged with a Si3N4 tip. The height scale is 400
nm. Details of the cellular appendages can be clearly visualised.
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(a) Height image (b) Deflection image

Figure 4.15: Pseudomonas 2 imaged with an Au tip. The height scale is 200 nm.
The surface of the cell has many irregularities, perhaps due to EPS coverage.

(a) Height image (b) Deflection image

Figure 4.16: Pseudomonas 2 imaged with a DDT tip. The height scale is 400
nm.
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4.3.2 Imaging Rhodococcus

Figures 4.17-4.23 are representative examples of Rhodococcus Rc92 and Rc291
cells scanned using four different types of cantilevers: Si3N4, Au, DDT and MUA.
Rhodococcus images depicted in Figures 4.17, 4.19 and 4.23 contain globular ma-
terial that can be associated with EPS or with cellular fragments. There is some
loose material associated to the cells and can be seen as horizontal streaks (Figures
4.17, 4.22 and 4.23). This phenomenon could be indicative of a feebly attached
capsular layer of material that surrounds the bacterial cell.

Figure 4.20 shows an example of a cell that was captured in the process of
division, showing a horizontal line across the cell. A detailed version of this feature
can be seen in Figure 4.21, where the topographic variations of the cell can be
appreciated.

In Figure 4.18, despite the evident double-tip artifact, the presence of an ap-
pendage can be confirmed. There is some evidence of scant pili on the surface of
other strains of Rhodococcus but their significance has not been understood [286].

The average length of Rhodococcus Rc92 was found to be 1.48 ± 0.21 µm and
the width 0.99 ± 0.09 µm (n = 9). The average length of Rc291 was found to be
1.88± 0.51 µm and the width 1.11± 0.24 µm (n = 9).

In Figures 4.18b and 4.22b certain features of the cells seem to be repeated
twice. This is the result of the damage or contamination of the tip, that makes
it have two apexes, provoking this common imaging artifact, as shown in Figure
4.8 [122].
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(a) Height image (b) Deflection image

Figure 4.17: Rhodococcus 291 imaged with a Si3N4 tip. The height scale is 200
nm. The bacterial cell is accompanied by a number of globules, perhaps clusters
of EPS or cellular debris.

(a) Height image (b) Deflection image

Figure 4.18: Rhodococcus 291 imaged with an Au tip. The height scale is 500
nm.
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(a) Height image (b) Deflection image

Figure 4.19: Rhodococcus 291 imaged with a MUA tip. The height scale is 600
nm.

(a) Height image (b) Deflection image

Figure 4.20: Rhodococcus 92 imaged with a Si3N4 tip. The height scale is 250
nm.
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(a) Height image (b) Deflection image

Figure 4.21: Detail of the membrane of Rhodococcus 92 imaged with a Si3N4 tip.
The height scale is 15 nm. Some details of the bacterial cell suface can be seen
with nanoscale resolution. By only studying the morphology of such features it
would be difficult to ascertain their chemical nature. The idea that these features
are formed by proteinaceous layers or polysaccharides could be ventured. In some
bacterial types the assignment of surface features is unequivocal in cases where
proteins form ordered crystalline layers (e.g. S-layer in Corynebacterium) [287],
but this is not one of those cases.

(a) Height image (b) Deflection image

Figure 4.22: Rhodococcus 92 imaged with a DDT tip. The height scale is 250
nm. The bacterial cell appears double, a phenomenon due to the contamination
of the tip, which leads to a double-tip effect.
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(a) Height image (b) Deflection image

Figure 4.23: Rhodococcus 92 imaged with a MUA tip. The height scale is 400
nm. Clusters of organic material are present next to the cell and on its surface.

4.4 Force measurements

A considerable amount of force-volume maps were acquired during the course of the
experimental process, and as a consequence, only some selected height and force
maps will be presented in this section. It was decided to showcase the experiments
conducted on Pse1 as a model experiment, and hence the majority of the examples
portrayed here will be related to this strain. In Figures 4.24-4.27 four examples of
Pse1 force-volume maps recorded with a Si3N4 tip are shown. In Figures 4.28-4.35
maps traced with Au, DDT and MUA -functionalised tips are represented. Further
examples of force-volume maps of the other three strains have been included in
Appendix B.

In all cases, a height map is included, which is a low-resolution, colour coded
representation of the cell topography. Each one of these pixels has an equivalent
in the force map next to them. The colour scale of the force map is included.

The data range controls the appearance of the force map, as it assigns a different
interval of forces to a given colour. This data range was selected in such a way
that the adhesion forces of the APTES background appeared mostly white, for the
sake of clarity and contrast between the two surfaces.
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(a) Height map, with a maxi-
mum height of 270 nm.

(b) Force-volume map

Figure 4.24: Pse1 mapped with a Si3N4 tip.

(a) Height map, with a maxi-
mum height of 170 nm.

(b) Force-volume map

Figure 4.25: Pse1 mapped with a Si3N4 tip.
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(a) Height map, with a maxi-
mum height of 220 nm.

(b) Force-volume map

Figure 4.26: Pse1 mapped with a Si3N4 tip.

(a) Height map, with a maxi-
mum height of 270 nm.

(b) Force-volume map

Figure 4.27: Pse1 mapped with a Si3N4 tip.
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(a) Height map, with a maxi-
mum height of 550 nm.

(b) Force-volume map

Figure 4.28: Pse1 mapped with an Au tip.

(a) Height map, with a maxi-
mum height of 550 nm.

(b) Force-volume map

Figure 4.29: Pse1 mapped with an Au tip.
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(a) Height map, with a maxi-
mum height of 350 nm.

(b) Force-volume map

Figure 4.30: Pse1 mapped with an Au tip.

(a) Height map, with a maxi-
mum height of 280 nm.

(b) Force-volume map

Figure 4.31: Pse1 mapped with a DDT tip.
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(a) Height map, with a maxi-
mum height of 280 nm.

(b) Force-volume map

Figure 4.32: Pse1 mapped with a DDT tip.

(a) Height map, with a maxi-
mum height of 280 nm.

(b) Force-volume map

Figure 4.33: Pse1 mapped with a DDT tip.
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(a) Height map, with a maxi-
mum height of 200 nm.

(b) Force-volume map

Figure 4.34: Pse1 mapped with a MUA tip.

(a) Height map, with a maxi-
mum height of 250 nm.

(b) Force-volume map

Figure 4.35: Pse1 mapped with a MUA tip.
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Some control experiments were also performed to ascertain the validity of the
bacterial mapping. To that end, clean silicon wafers were coated with gold, follow-
ing the exact same protocol that was used for tip functionalisation (§4.2.2, on page
124). The gold coated wafers and gold coated cantilevers were submerged overnight
in thiol ethanolic solutions. After the designated time, both surfaces were rinsed
with ethanol, air-dried and wetted with MOPS 20 mM on the microscope stage.
Several force-volume maps were acquired for these systems.

Figure 4.36 shows height and force maps of a bare silicon wafer and an MUA-
functionalised wafer, as probed by a MUA probe.

(a) MUA/MUA Height map (b) MUA/MUA Force map

(c) MUA/Si Height map (d) MUA/Si Force map

Figure 4.36: MUA-MUA and MUA-Si control experiments. In Figures 4.36a and
4.36b, a MUA-self assembled monolayer was probed using an MUA cantilever.
Both substrate and probe, were assembled from the same solution. In Figures
4.36c and 4.36d, a silicon wafer is probed using a MUA-coated cantilever. The
height scale is 120 nm.
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Histograms of both of these events are portrayed in Figure 4.37. It can be
seen that the interaction force between two MUA surfaces is higher than between
the MUA-cantilever and a silicon surface. It is also noteworthy that the latter
distribution appears to be normally distributed, whereas the former one shows
some degree of bimodality.
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 MUA surface-MUA tip

 Si surface-MUA tip

Figure 4.37: Histograms of the interaction forces between two MUA surfaces and
between a MUA tip and a bare silicon surface.

Similarly, the distribution of forces and histograms for the DDT controls are
presented in Figure 4.38 and 4.39, respectively. The DDT-Si interaction appears to
be monomodal and normally distributed, while the DDT-DDT experiment has a
very different behaviour. The latter experiment has heavily skewed data, spanning
along a higher force interval.
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(a) DDT/DDT Height map (b) DDT/DDT Force map

(c) DDT/Si Height map (d) DDT/Si Force map

Figure 4.38: DDT-DDT and DDT-Si control experiments. In Figures 4.38a and
4.38b a DDT-self assembled monolayer was probed using an DDT cantilever. Both
substrate and probe, were assembled from the same solution. In Figures 4.38c and
4.38d a silicon wafer was probed using a DDT-coated cantilever. The height scale
is 40 nm.
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Figure 4.39: Histograms of the interaction forces between two DDT surfaces and
between a DDT tip and a bare silicon surface. The bin sizes were minimised, to
portray the distinction between the two conditions more appropriately.

4.5 Data Analysis

4.5.1 Statistical analysis

Diverse statistical methods have been applied in order to describe the adhesion
values of these measurements. Often, for bacterial adhesion analysis, common sta-
tistical descriptors, such as the mean value are of little use, due to large standard
deviations (the data range and median are better descriptors for highly heteroge-
neous data). This idea is supported by van der Mei, de Vries and Busscher [288],
who have noticed that the measurement of bacterial adhesion is far from precise,
as the standard deviation of the mean value is in the range of 50–70%, while the
standard deviation of the adhesion between abiotic surfaces (e.g. silicon versus
silicon nitride) is less disperse (∼ 13%).

In some cases, the data appears to be described better by non parametric
distributions (Non parametric distributions are the ones that do not assume the
data to have any structure or parameters. Non-parametric statistical tests do not
suppose that the data are normally distributed.) In other cases, it is possible
to describe the data using parametric models; for instance, Weibull distributions
have successfully been used to describe the adhesion of bacteria to surfaces [288].
In Figure 4.40a a histogram of the interaction between a R. terrigena bacterial
cell and a carbon particle mounted on a cantilever is shown. The distribution
appears to be bimodal and was successfully fitted using a Weibull distribution.
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In a similar way, other statistical analyses have been used to model bacterial
adhesion to surfaces. For example, Poisson analysis has been used to describe the
adhesion of S. epidermis to a glass surface [289]. Also, log-normal distributions
have been employed to model the adhesion energies of Listeria monocytogenes to
silicon nitride cantilevers [290].

Other authors have found possible to fit their adhesion histograms using a
number of Gaussian histograms. Lorite et al. [291] studied the adhesion of the
plant pathogen Xylella fastidiosa to silicon, ethyl cellulose and cellulose acetate.
These researchers also immobilised one of Xylella’s adhesins (n.b. an adhesin is an
adhesion protein) on an SFM tip and probed it against the same surfaces. They
found a bimodal distribution that they fitted using two Gaussian curves for the
ethyl cellulose and the acetate. For the silicon surface a skewed unimodal distri-
bution was found. Similarly, Dupres et al. [292,293] found a bimodal distribution
between a M. bovis bacterial cell and a heparin-coated cantilever (Figure 4.40b).
Other researchers [230, 294] have presented similar bimodal histograms. In some
cases the curves have been fitted to a single Gaussian peak, despite the consider-
able skewness of the graph [295]. Trimodal distributions have also been reported:
Busscher et al. [296] fitted three Gaussian peaks to a histogram of the adhesion
forces of bacteria to protein coated SFM probes. Other authors, employing tech-
niques different to SFM, have also suggested that the behaviour of cell populations
towards adhesion appears to have a bimodal distribution [297–299].

Upon studying the profile of the histograms generated by force-volume maps of
Rhodococcus Rc92 and Rc291, as well as the ones of Pseudomonas Pse1 and Pse2
probed by silicon nitride, gold, DDT and MUA cantilevers, it was clear that the
distributions were heavily skewed towards high forces due to the presence of many
outliers. It became apparent that the histograms could not have been fitted by a
single Gaussian curve.

The force adhesion data were transformed using logarithms in an attempt to
normalise the data, however the data continued to have a certain degree of skewness
and the presence of a secondary peak of adhesion probability was made patent.
Log-normal and Weibull functions were used to model the data, but the fits were
not close. In order to normalise the data, the Box-Cox transormation was applied,
but without successful results. The Box-Cox transformation is a function applied
to transform the data in order to eliminate skewness and achieve normality. The
expected outcome of this technique was to obtain a histogram of the transformed
data that could have been fitted to a Gaussian distribution or given a straight line
on a Q-Q plot (n.b. Q-Q plots, where Q stands for quantile, are probability plots
that serve as a visual representation of normality). Since none of these results were
achieved, the idea of normalising the data was abandoned, and another approach
was taken.
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(a) Adhesion on R. terrigena (b) Mapping adhesins on M. bovis

Figure 4.40: Examples of bimodal distributions in bacterial adhesion to SFM
cantilevers. 4.40a shows the histogram of forces between a carbon coated can-
tilever and the bacterium R. terrigena. These data sets were fitted using Weibull
distributions. Image used with permission of [288]. Copyright (2010) Elsevier.
4.40b shows the adhesion force between a cell of M. bovis as it is probed with
a heparin-coated tip that probes specific interactions with the heparin-binding
haemagglutinin adhesin that this strain produces. The histogram was fitted with
two Gaussian curves. Image used with permission of [293]. Copyright (2007)
Elsevier.
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If a single Gaussian curve could not fit the data adequately, then it was hypoth-
esised that a number of them might describe the distribution of adhesion forces
more appropriately. Indeed, the best fit for the adhesion data histograms was ob-
tained through the use of a number of Gaussian curves, which were fitted using the
mixtools package on the R software. The details of this procedure will be detailed
in the following section.

4.5.2 R and finite mixture models

The software R [300] was used for statistical analysis, using the mixtools package
[301] that provides a set of functions to analyse finite mixture models. The main
purpose of mixtools is to categorise a group of measurements and assign them into
subgroups, even when there is not an obvious way to distribute measurements into
categories; this process is known as unsupervised clustering. The finite mixture
models give, thus, description of entire subgroups and often the assignment of
individual measurements to such subgroups is not interesting per se (i.e. initially
a data point is assigned to a cluster, without previous knowledge of the reasons for
its membership to such category, and then using iterative methods, this datum is
re-assigned to the cluster in which the items resemble this data point the most; as
a result of this, the initial cluster assignment is arbitrary and meaningless until the
iterations converge into the most stable solution). By combining the properties of
two or more individual probability density functions, a finite mixture model can
approximate any arbitrary distribution. Mixtools work under the assumption that
the subgroups are distributed according to univariate or multivariate parametric
forms. Often mixtools are used in cases where multivariate normality is apparent.

Finite mixture models are a common choice to study data that proceeds from
heterogeneous sources. To begin a brief introduction about what these models
entail, one needs to assume that the sample of interest consists of independently
and identically distributed objects from a mixture of K subpopulations or com-
ponents with different characteristics, specified by the set of parameters θk, for
k = 1, 2..., K. Given that each cluster K is a probability density function, the
probability that each data point x is a member of a certain cluster is written as
p(x | θ) and is formally defined as:

p(x | θ) =
K∑
k=1

λkpk(x | θk), (4.1)

where pk(x | θk) is the probability density function (pdf) of the kth component,
λk the mixing proportions (i.e. a descriptor of how likely it is that the data
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(a) Highly overlapping bimodal density (b) Skewed unimodal density

Figure 4.41: Densities modelled by a mixture of two Gaussian probability density
functions, represented by green and red lines. The distributions (black histogram)
were modelled using mixture models on the R software.

are generated by the kth component) and θ = (λ1, ...λk, θ1, ...θk) is the set of
parameters. Equation 4.1 is completely stochastic in nature.

A finite mixture model arises from the convex combination of a finite number
of density functions (n.b. a convex combination is a linear combination of points
where all coefficients are non-negative and their sum is equal to 1):

λk ≥ 0, for k ∈ {1, ..., K} , and
K∑
k=1

λk = 1. (4.2)

It is possible to understand the mixture model as a scenario where the random
variable x is generated from K random processes, each one being a mixture com-
ponent. These processes are modelled according to a particular density pk(x | θk)
and have a proportion of observations λk. For instance, as shown in Figure 4.41
two densities that have been generated using a mixture of two Gaussian probability
density functions are presented. The left graph corresponds to a clearly bimodal
distribution, whereas on the right graph, a skewed distribution is being modelled.
These graphs and all of the subsequent fits generated by mixture models were
calculated and plotted using the R software and the mixtools package, following
the code presented in Appendix C.

For the particular case of the data set presented in this thesis, a paramet-
ric, univariate Gaussian family is being used, in which case the model parameter
reduces to

θ = (λ, (µ1, σ
2
1), ..., (µk, σ2

k)). (4.3)

Ana Lorena Morales-García



On the Adhesion Forces of Bacterial Membranes and Derivatives 157

The majority of the protocols that comprise within the mixtools packages rep-
resent the mixture in terms of the maximum likelihood estimation (MLE). Briefly,
the way in which the algorithm works implies the use of two sample spaces, a sam-
ple space of complete observations and a sample space of incomplete observations .
The observed data consists of n identically and independently distributed entries
x = (x1, ..., xn) from a density p(x | θ) given by Equation 4.1. In the incomplete
data set, p(θ) is termed incomplete-data density and its associated log-likelihood
is given by

Lx(θ) =
n∑
i=1

log p(θ)(xi). (4.4)

The maximum likelihood estimation will aim to find the argument of the maximum
(i.e. point of the given argument in which the function has its maximum value)

θ̂x = argmaxθ∈ΦLx(θ), (4.5)

or at least a local maximum value.
The aforementioned incomplete-data set has an associated complete-data set,

denoted by c = (c1, ..., cm), whose density is given by

hθ =
m∏
j=1

hθ(ci). (4.6)

In the complete data set associated with Equation 4.1, each random vector Ci =
(Xi, Zi), where Zi = Zij, j = 1, ...,m, and Zij ∈ {0, 1}, indicating that the value i
comes from the component j. Since at this point it is not clear which component
of the mixture generated each data point, one could access a hidden variable
Z that assignes each data point to the component and then uses maximisation
approaches to find the right fit. Using the hidden variable Z it is possible to define
the complete-data set. Its log-likelihood function can be written as:

hc(θ | X,Z) =
n∑
i=1

m∑
j=1

zij logP (xi | zi ; θ)P (zi ; θ). (4.7)

Since Z is unknown, the previous expression cannot be solved and maximised di-
rectly. The complete data maximum likelihood estimation comes from maximising
log hc (as defined in Equation 4.7) and such calculation will determine the best fit
of the model to the data [301–303].

The maximisation is performed through the so-called expectation-maximisation
(EM) algorithm, which iteratively maximises the likelihood estimates. Briefly,
what the EM algorithm does is to give an initial guess of the component distribu-
tions (i.e. θk and λk). Then, the algorithm uses the current parameters to estimate
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which component each point is most likely to come from and finally re-calculate the
components using only the data associated to them, until everything converges.
These starting parameters, if they are not specified, are selected randomly and
thus, the number of iterations needed for convergence will differ every time the
algorithm is run.

The algorithm runs by iteration in two steps:

E step : Q(θ | θk) = E [lc(θ | X,Z) | X, θk] (4.8)

and M step : θk+1 = argmax Q(θ | θk), (4.9)

where E is the expectation that computes the expected log likelihood and M is
the maximisation, that finds the maximum likelihood [304,305].

Since this is a stochastic model, the R program might give different answers
every time, and consequently only stable solutions must be taken into account (i.e.
the ones in which the final results are very similar to each other, regardless of the
value of the initial parameters).

The EM algorithm cannot estimate the number of components, since it would
provide an overfitted histogram (i.e. as many fits as observations). Thus, it is im-
perative to find a compromise between adequate fitting and generality. The user
has to decide an appropriate number of components, not only based on the like-
lihood of these components, but also according to the best fits of the Gaussian
functions, according to the data. In Figure 4.42 the same histogram was fitted
with 2 and 25 components. Figure 4.42a shows the histogram being reasonably
well fitted by two components, and underneath, the theoretical CDF (cumulative
distribution function) versus the empirical CDF, showing a rather straight line.
Figure 4.42b show 25 components, all overlapped and being distinguished with
difficulty, and a much straighter theoretical versus empirical CDF line, indicating
a better match between the models and the data. The solution with two compo-
nents offers a better way to describe the data, because it avoids over-fitting. Figure
4.42c shows the log-likelihood on having a particular number of components in the
mixture. It is clear that one component would not fit the histogram at all, but is
dubious whether two, three or more components would be more appropriate to fit
the data. It is evident that more components will allow fitting the distribution in
a very precise way, but having many components also entails that more param-
eters are generated, and since there is a variance associated to each one of these
parameters, the level of accuracy is diminished.
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(a) 2 components (b) 25 components

(c) Log likelihood of the number
of components

Figure 4.42: Example of histograms fitted with (a) 2 and (b) 25 components, with
their respective theoretical versus empirical CDF. (c) Log-likelihood of number of
components in the mixture.
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If a number of graphs is generated, each one will have two components, that
have associated a weight (λ, fraction of the data associated with each peak), a
mean (µ) and a standard deviation (σ) that are generated after a certain number
of iterations. For the particular case of Figure 4.43, the histogram that shows the
distribution of the logarithm of 284 values of adhesion forces has been fitted using
two Gaussian curves and their parameters are written on the graph. The results
were obtained after 35 iterations. The log-likelihood is a negative value, since the
likelihood is a number between 0 and 1. The larger the log-likelihood, the better
the fit is.

Figure 4.43: Histogram of 284 log-force values, calculated from a force-volume
map and fitted with two Gaussian curves, alongside their values of mean, standard
deviation and mixing proportions. Convergence in the algorithms was obtained
after 35 iterations.

To check if a fit is satisfactory, R can generate a calibration plot that correlates
the theoretical cumulative distribution function with the empirical CDF. The cali-
bration graph allows to make probability forecasts by correlating events predicted
to happen with a certain probability p should in fact happen with a frequency
∼ p. For the case of the adhesion histograms, there is a cumulative distribution
function F (x), that states that the probability of finding a force adhesion event is
≤ x. The CDF of a two component mixture is given by

F (x) = λ1F1(x) + λ2F2(x). (4.10)

The R software produces a CDF plot like the ones shown in Figure 4.42a and b.
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Visually it is possible to assess the departure of the plot from the main diagonal.
A highly straight line would be indicative of an excellent fit. To select the best
number of mixture components that would fit the data, R can perform a cross-
validation algorithm, that calculates the log-likelihood of a number of components,
like in Figure 4.42c. It is possible to see that there is a dramatic improvement
between fitting the histogram with two components than with one component,
but in this case there is no substantial difference between the use of two and five
Gaussian curves. In cases like this, it is better to select the fewest components, to
avoid over-fitting the data.

Force data from selected force-volume maps, acquired using different tips, was
transformed using logarithms. These data were compiled in a single spread sheet
and exported to the program R for fitting. A compendium of the statistical de-
scriptors acquired by the models is presented in Tables 4.3 and 4.4 and a visual
representation of the data is portrayed in Figures 4.44, 4.45, 4.46 and 4.47 (grouped
by cantilever and with σ values included), and in Figures 4.48, 4.49, 4.50 and 4.51
(grouped by strain, only µ values shown). Only stable solutions were considered
for the calculations. From the analysis of the data presented on Tables 4.3 and
4.4, some conclusions can be drawn:

• The first component almost always has a larger weight (λ1) than the second
component (λ2). The first component has always a larger value of λ, which
indicates that the majority of the data are described by the first component
of the mixture. Since the first component has a smaller value of µ1, it can
be concluded that the majority of the data corresponds to low forces.

• The median value of the data has a magnitude which is intermediate between
the means of the first (µ1) and second (µ2) components. The median value
is closer to that of the first component, a second indication that the majority
of the data lies at low forces.

• The difference between the means of the components, (µ1) and (µ2), might
be indicative of the heterogeneity of the data. The difference of the peaks
of the fitting models could be used as a descriptor of the variability of the
data within the same cell. A comprehensive discussion of the reasons behind
bacterial heterogeneity is given in §4.6 and a possible correlation between
the value of the means of the fitting peaks with the existence of adhesion
domains on the cells is presented by the end of this section.

• The second component is more disperse than the first (and third) compo-
nents. The value of σ2 is in all cases larger than the values of σ1 and σ3. The
values that occurred at low forces were concentrated around the mean (µ1),
whereas the values that occurred at high forces, had a larger deviation.
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λ3 µ3 σ3

Pse1 DDT 0.124 −9.505 0.087

Pse2 Au 0.394± 0.090 −9.528± 0.205 0.223± 0.044

Rc92 Au 0.325± 0.077 −9.488± 0.125 0.256± 0.040

Rc291 Au 0.390± 0.021 −9.483± 0.071 0.221± 0.012
MUA 0.335± 0.051 −9.867± 0.162 0.253± 0.053

Table 4.4: Statistical descriptors of mixture model fits (Continuation from Table
4.3). Some systems required three Gaussian components to be fitted. The values
of the weight (λ), mean (µ) and standard deviation (σ) of the third component
of the data are shown in this table. The results are quoted stating the standard
error of a number of observations (n = 2− 4). The first two components of these
experiments are included in Table 4.3.

Now that the statistical model has been defined, it is important to relate these
distributions to the actual pattern of forces within a bacterial cell wall. To this end,
let us consider Figure 4.43. It is noteworthy that the two components have a very
distinct appearance; the red one has a smaller mean (µ1) and a smaller variance
(σ1) and the green one, which appears at larger forces (µ2) is more spread (σ2).
The same behaviour was found for all of the histograms analysed in the course of
these experiments: the four bacterial strains probed with the four cantilevers show
a similar pattern. In principle, it is possible to think of two possible scenarios: two
or three different regions of adhesion on a bacterial cell wall that give rise to two or
three Gaussian distributions or the presence of a number of Gaussian distributions
as a consequence of the statistical treatment. The first one supports the idea
of biological heterogeneity. In this scenario it might be that indeed there are
two distinct regimes of adhesion forces within the same bacterial cell. One could
think that there are distinct regions in a microorganism in which the adhesion
is somewhat greater, these regions would be represented by the second and third
components. A larger percentage of the bacterial cell wall shows little affinity for
the SFM cantilever and this is represented by the first component.

The existence of adhesive domains within a cell wall is not unheard of. For
instance, Alsteens et al. [306] found adhesive domains of a few hundred nanome-
tres on fungal cells (Aspergillus fumigatus) using DDT-coated cantilevers. These
domains have been associated with the presence of rodlets composed of hydropho-
bic proteins, which are embedded into regions rich in hydrophilic polysaccharides.
Similar approaches have been taken to study bacteria. Francius et al. [146] have
localised polysaccharide-rich regions on Lactobacillus rhamnosus GG using SFM
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Figure 4.44: Visual representation of the means (µ1, µ2) and standard deviations
(σ1, σ2) of the logarithms of the force data, acquired with a Si3N4 tip. The absolute
values of the logarithms have been used for simplicity.

Figure 4.45: Visual representation of the means (µ1, µ2, µ3) and standard devia-
tions (σ1, σ2, σ3) of the logarithms of the force data, acquired with an Au tip. The
absolute values of the logarithms have been used for simplicity.
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Figure 4.46: Visual representation of the means (µ1, µ2, µ3) and standard devi-
ations (σ1, σ2, σ3) of the logarithms of the force data, acquired with a DDT tip.
The absolute values of the logarithms have been used for simplicity.

Figure 4.47: Visual representation of the means (µ1, µ2, µ3) and standard devi-
ations (σ1, σ2, σ3) of the logarithms of the force data, acquired with a MUA tip.
The absolute values of the logarithms have been used for simplicity.
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Figure 4.48: Means of the mixture components of Pse1 (µ1, µ2, µ3), acquired
with four different tips. The absolute values of the logarithms have been used for
simplicity.

Figure 4.49: Means of the mixture components of Pse2 (µ1, µ2, µ3), acquired
with four different tips. The absolute values of the logarithms have been used for
simplicity.
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Figure 4.50: Means of the mixture components of Rc92 (µ1, µ2, µ3), acquired
with four different tips. The absolute values of the logarithms have been used for
simplicity.

Figure 4.51: Means of the mixture components of Rc291 (µ1, µ2, µ3), acquired
with four different tips. The absolute values of the logarithms have been used for
simplicity.
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cantilevers functionalised with lectins (i.e. carbohydrate-binding proteins). Schär-
Zammaretti and Ubbink [213] have also reported the existence of adhesive nan-
odomains in other Lactobacillus strains. In a very recent publication, El Kirat-
Chatel et al. [307] mapped individual cells of Pseudomonas fluorescens using can-
tilevers functionalised with antibodies that selectively target LapA adhesion pro-
teins. Such proteins are known to be involved in bacterial attachment in this strain
and to accumulate at the cell-surface interface. Nanodomains rich in this protein
were found using this technique. The literature gives plenty of evidence that mi-
crobial membranes are far from homogeneous and possess regions enriched with
a particular biomolecule, a phenomenon that directs the way in which bacteria
adhere to surfaces.

A second hypothesis to explain the presence of a number of fits on the histogram
denies the existence of the adhesive nanodomains and suggests that the program
is just using a number of Gaussian curves to approximate a completely different
distribution. The cross-validation graph (Figure 4.42c) predicts that 2, 3, 4 or 5
models will fit the data, and that out of these, a 2-model system will have the
best trade-off between approximation bias and estimation variance. Just from the
statistics, it would not be sensible to affirm that indeed there are two (or more)
regions on the cell that are chemically different.

To prove the validity of the first scenario it would be helpful to see the loca-
tion of these low and high adhesion areas on a particular bacterial cell. It could be
hypothesised that by clustering the data into two components, two groups with dis-
tinct biological attributes are being described. To visually assess the relationship
between the distribution of forces in each one of the two components and their lo-
cation within a bacterial cell, it was decided to colour code the force-volume maps.
The pixels were coloured green or red, depending if the force belonged to the green
or red component in the mixture model fit. In order to determine an appropriate
cut-off point (i.e. the point in the x axis in which a particular data point starts
belonging to one distribution), the x-coordinate where the two Gaussian curves
crossed was calculated. The threshold value was determined using the Gaussian
integral ∫ ∞

−∞
e−x

2dx = −π, (4.11)

and one obtains ∫ ∞
−∞

ae−
(x−b)

2

2c2 dx = ac · 2π. (4.12)

The integral is unity if and only if a = 1/c
√

2π, and in this case the Gaussian is
the probability density function of a normally distributed random variable with
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an expected value of b = µ and c2 = σ2

g(x) = 1
σ
√

2π
e−

1
2 (x−µ

σ
)2
. (4.13)

For a bimodal distribution the equations of distribution 1 (µ1, σ1) and distribution
2 (µ2, σ2) are combined into one expression

(x− µ2)2

2σ2
2
− (x− µ1)2

2σ2
1

= ln σ1

σ2
. (4.14)

If the equation is solved for x, the result will be the point in the x-axis in which the
distributions cross. Once the cut-off points were determined, the force-volume data
of a number of bacterial cells were concentrated in an Excel worksheet. Each value
was conditionally coloured red or green depending on their relative magnitude with
respect to the calculated threshold result. Examples of the product of this exercise
are portrayed in Figures 4.52–4.57.

The fact that the green pixels can sometimes be found clustered together sug-
gests that there are effectively regions of low adhesion, and thus the bimodality
that the mixture model shows is indeed a biological phenomenon, rather than just
an statistical one. Nonetheless more statistical tests are needed to verify this claim.
Perhaps finding a degree of data heterogeneity will suffice to support this idea.
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Figure 4.52: Force-volume maps of four Pse1 cells, probed with a silicon nitride
tip. The red pixels correspond in average to the first distribution, whereas the
green pixels correspond to the second distribution.
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Figure 4.53: Force-volume maps of Pse1 cells, probed with an Au tip. The
red pixels correspond in average to the first distribution, whereas the green pixels
correspond to the second distribution.
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Figure 4.54: Force-volume maps of Pse1 cells, probed with an MUA tip. The
red pixels correspond in average to the first distribution, whereas the green pixels
correspond to the second distribution.
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Figure 4.55: Force-volume maps of Pse2 cells, probed with an MUA tip. The
red pixels correspond in average to the first distribution, whereas the green pixels
correspond to the second distribution.
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Figure 4.56: Force-volume maps of Rc92 cells, probed with an MUA tip. The
red pixels correspond in average to the first distribution, whereas the green pixels
correspond to the second distribution.
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Figure 4.57: Force-volume maps of Rc291 cells, probed with an Au tip. The
red pixels correspond in average to the first distribution, whereas the green pixels
correspond to the second distribution.
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4.5.3 Force-volume data fits

The mixture model bimodal fit for the four Pseudomonas Pse1 cells (Figures 4.24,
4.25, 4.26, 4.27) scanned using a silicon nitride tip is presented in Figure 4.58. The
adhesion force histograms reveal a bimodal distribution with average rupture forces
of approximately 13-20 pN for the first peak and 40-160 pN for the second peak.
The multicomponent fits of Pse1 cells probed by Au, DDT and MUA cantilevers
are shown in Figures 4.59, 4.60 and 4.61, respectively. Graphs of the fitted adhesion
force distributions of Pse2, Rc92 and Rc291 have not been included.

Figure 4.58: Bimodal fits for five Pse1 cells with a Si3N4 tip.
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Figure 4.59: Bimodal fits for five Pse1 cells with an Au tip.

Figure 4.60: Bimodal fits for five Pse1 cells with a DDT tip. Notice that the
distribution for Cell 1 is fitted with three Gaussian peaks.
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Figure 4.61: Bimodal fits for five Pse1 cells with an MUA tip.

4.5.4 Tip-cell interactions

Tip properties

The first thing that needs to be considered in order to ensure that the CFM
experiments produced the desired information, is the state of the probes. It has
been noted by some authors [308] that the functionalisation of probes often does
not occur in a perfectly repeatable manner. It is possible that the monolayers are
defective, fact that could affect the comparison between different probes. Other
possible factors are the contamination of the gold base and of the thiol layer [280]
and the oxidation of the sulfur in the thiol molecules, circumstances that could
reduce the degree of sorption on the tip and affect the quality of the experiments.
Therefore, it is always a concern whether the reaction proceeded effectively, and
the SAM was formed homogeneously on the tip. Moreover, any functionalisation
reaction might alter the tip shape, which could complicate the calculations on the
force-data (Figure 4.62).

Having considered these potential risks, care was taken in performing the ex-
periments in the same conditions every time, to maximise the possibility of re-
peatability. The prepared probes were used immediately after preparation, to
avoid their contamination or any possible degradation. Similarly, extreme care
was taken during the preparation of the SAMs; as mentioned before, both the tips
and the glassware were thoroughly cleaned with piranha solution before use, and
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Figure 4.62: Typical defects found in SAMs assembled on polycrystalline sub-
strates. Image taken from [280] with permission. Copyright (2005) American
Chemical Society.

the reactants were kept sealed and only pipetted out of their bottles with dedicated
instruments. Furthermore, the control experiments presented in Figures 4.38 and
4.36, confirm that the probes are able to tell two chemically distinct surfaces apart.

Potential interactions

The interactions between the tip and the surface will be largely governed by xDLVO
forces, which were reviewed in Chapter 2. The extended DLVO theory (xDLVO)
proposes that the interaction between particles is a combination of Lifshitz-van der
Waals (LW), electrostatic double layer (EL) and acid-base interactions (AB). LW
forces are always present and their value depend on the properties of the interacting
materials. In order to assess the value of LW forces, the Hamaker constant must be
determined (Equation 2.2 on page 31). The value of this constant is often estimated
from contact angle measurements with a variety of solvents. EL forces are highly
dependent on the ionic strength of the surrounding medium, and thus the selection
of the imaging buffer will determine the adhesive behaviour of the bacterial cells
to the SFM cantilever. Acid-base interactions determine the hydrophobicity of the
interacting surfaces, and on this account the role of the hydrophobic attraction
has been considered.

The xDLVO model has been successful in describing abiotic colloidal systems
and has approximated the adhesive behaviour of a number of microorganisms
[309]. However, it is not always appropriate to describe the complex surfaces that
surround bacterial cells [87].

Bacterial cells are rich in polymeric substances and extra-cellular structures,
which can have varied sizes and chemical functionalities, and thus it is very com-
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plicated to model their behaviour. The SFM tip, either bare, coated or function-
alised with long alkyl chains, will come in contact with a myriad of extra-cellular
polymeric substances and membrane components. As it indents the surface, such
molecules will be forced into close contact and conformational changes will occur,
compacting their chains. The molecules on the bacterial cell might experience re-
pulsion or attraction to the surface of the tip or the molecules that this one carries.
A visual summary of the potential interactions between molecules on the tip and
molecules on the surface can be seen in Figure 4.63.

The tip and the bacterial cell surface could experience repulsive forces. Molec-
ular repulsion could be provoked by similarly charged functional groups on the
surface of the cell wall and on the cantilever. For instance, the pKa of MUA
SAMs has been determined to be 4.8 [310], and therefore at the working pH it is
expected that the acid groups are ionised. Since bacterial cell surfaces are nor-
mally negatively charged [311] an initial repulsion interaction between these two
surfaces is expected (although in a solution that contains cations, these interactions
are expected to be somewhat shielded).

Steric repulsion might occur due to the preference of the surface molecules for
the liquid medium, in which case the molecules on both surfaces will compress,
change conformation and repel each other. The steric repulsion between the tip
and the surface has also been understood from the polymer physics point of view.
Park and Abu-Lail [312] explain the interaction between the tip and the surface
as a polymer brush interacting with a flat solid. They estimate the force per unit
area, given the grafted polymer density in the brush layer and its thickness. The
height of the polymer brush is dependent on the polymers’ preference for the liquid
medium and their elasticity. For instance, in water, hydrophilic molecules will
extend towards the liquid medium, leaving the hydrophobic molecules collapsed
near the bacterial surface.

Conversely, the tip and the bacterial cell can be attracted to each other. Bridg-
ing attraction might be present if the affinity between the molecules on both sur-
faces is high. For instance, long alkyl chains might have positive interactions due
to a high number of hydrophobic interactions along their backbones. In an analo-
gous manner, the formation of hydrogen bonds or other intermolecular interactions
might bridge the molecules and promote their adhesion. Since all of these interac-
tions happen in a stochastic fashion, it is imperative to acquire sufficient data, to
draw significant conclusions from these events.

To enhance our understanding of the physics behind bond formation during
the cantilever approach, it is convenient to picture a chemical bond under the
circumstances where an external applied load is exerted upon it (Figure 4.64).
The energy of bond formation, between molecules on the tip and the surface, is
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Figure 4.63: Potential tip-surface interactions. In this diagram, hydrophobic and
hydrogen bonding attractive interactions are depicted, as well as repulsive steric
hindrance and electrostatic interactions. The light green molecules belong to the
cell surface and the dark green ones are anchored on the tip.
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represented by a potential well in the graph. A second potential well, parabolic in
shape, is associated with the equilibrium position of the SFM cantilever; here, the
probe is represented as a loading spring and in this system performs the function of
exerting a load upon the bond. The total interaction potential contains a primary
and a secondary minimum: these represent two possible transition states that
make attachment and detachment possible. It is evident from this figure that the
load of the cantilever has the effect of lowering the energetic barrier for binding
and increases the rebinding barrier. Consequently, the energy potential of the
probe-cell system is not only determined by the interplay between a large quantity
of binding molecules and the imaging environment but also the mechanics of the
cantilever determine the attachment and detachment behaviour [313].

It is clear that a solid understanding of the data produced by CFM is based on
the knowledge of the interactions between the functionalised tips and the bacterial
surfaces. A model of the reciprocal action between molecules on the tip and on
the surface has also been considered by other authors [87]. In Figure 4.65 the
interaction between a thiolated tip and a bacterial cell surface has been repre-
sented. This particular cell also bears exo-polymeric structures such as pili and
an EPS capsule. The authors propose that as the tip approaches the surface, the
first points of contact will be these appendages. There is some evidence that the
chemical composition of these appendages might vary from the main body of the
cell. Pili tend to have a higher degree of hydrophobicity, an evolutionary advan-
tage that allows the bacterial cells to dock onto solid surfaces more easily. As
the tip continues its travel downwards, the appendages become compressed. Even
at closer distances, the tip will start interacting with the extra-cellular polymeric
layer, constricting the polymer brush that coats the bacterial cell. As the z-piezo
continues its motion towards the cell, the molecules on the tip could potentially
access the bacterial membrane. In the case of the Rhodococcus cells, the hydropho-
bic mycolic acids could, in principle, be adhering to other hydrophobic moieties
on the tip.

In the force-distance experiments that were performed in this thesis, the cells
have been indented through distances over 100 nm (as determined by the negative
x coordinate in the force-distance curves), which leads to the conclusion that we
are in contact with polymers on the EPS layer and the bacterial cell wall. Upon
retraction, the profile of the force curves acquired on the selected cells often reveals
the rupture of specific interactions, like the ones depicted in Figure 4.66. This is
indicative of one or several polymers being detached from the surface in a stepwise
fashion.

In the framework of this thesis, the description of the force curves is largely
limited to qualitative parameters, since mathematical models, like the Hertz model
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Figure 4.64: Potential energy profile for the tip-sample bond formation. The
chemical bond is represented by the red curve and the cantilever by the green one.
The orange line represents the total potential energy surface for the system. The
primary and secondary minima on the latter line represent the regions for binding
and rebinding events. Image adapted from reference [313].
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Figure 4.65: Interaction between the exopolymeric layer and appendages with a
thiolated SFM tip. Image reproduced with permission of reference [87]. Copyright
(2009) American Chemical Society.
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Figure 4.66: Force-distance curves for the interaction between Rc291 and Au,
showing specific interactions.
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[173] that calculates the deformation of the sample, were not used. The only
parameter taken into account was the measurement of the force of detachment,
that is calculated from the minimum value in the y-axis. (§2.6.5).

A tip that approaches a surface will first experience repulsive interactions and
then it begins indenting the soft cellular envelope. The sample moulds around the
shape of the tip and its outer polymers will be compressed. The indentation section
of the curve gives information about the elastic modulus. When the probe is taken
away, the outer molecules of the cell adhere to the surface of the tip. Each adhesion
peak will give information about the force, work of adhesion and the distance of
the interactions. The area bounded by the approach and retraction curves gives
information about the work done to deform the sample. In Figure 4.67 a typical
force-distance curve is shown, clearly separating the extension from the retraction
part of the curve. The curves acquired on the same experiment are often very
similar. In Figures 4.68 and 4.69, five curves taken on the same bacterial cell have
been overlaid. All of them show approximately the same degree of indentation and
sample stiffness, but their adhesive behaviour is somewhat different. The curve
belonging to Point 5 in Figure 4.68 shows a fragment detaching at a distance of
almost 150 nm, while the other curves detach at around 30 nm. It is hard to make
any generalisations from these values as the adhesion forces and force profiles of
the cells are very heterogeneous.
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Figure 4.67: Force-distance curve of a Pse1 cell, using a silicon nitride probe.

The reason for the heterogeneity of adhesion force measurements on a particular
bacterial cell has been attributed to the fact that the tip could be interacting with
distinct molecules of the cell surface in an stochastic manner [290,314]. Thus, the
statistical model selected to describe the data must account for these differences.
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Figure 4.68: Retraction curves of five points of a Pse1 cell overlaid on the same
plot. The FD curves were taken using a silicon nitride cantilever.
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Figure 4.69: Extension curves of 5 different points on a Pse1 cell probed with a
silicon nitride tip and overlaid on the same plot.
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Due to the time invested in studying bacterial cells using force-volume maps (6
days of growth for Rhodococcus and Pseudomonas and approximately 7 hours of
scanning per experimental session) only a limited number of cells could be studied.
The data are heterogeneous within a particular cell membrane, and can also differ
substantially between cells of the same sample, and also between cells of different
cultures.

4.5.5 Differences between groups

Differences between cells

Figure 4.70 shows the results of the adhesion forces of four Pse1 cells scanned with
a silicon nitride tip. Each box plot corresponds to the measurements taken on one
bacterial cell. The boundaries of the box represent the lower (Q1) and the higher
quartiles (Q3) and the median (Q2) is represented as the horizontal line inside
the box. The bottom vertical bars or whiskers, show the lowest datum still within
1.5 of the inter-quartile range (IQR) and the top whisker represents the maximum
value within 1.5 IQR (n.b. the IQR is a measure of statistical dispersion that
represents the difference between Q3 and Q1) . The symbols indicate the outliers
of the adhesion energy, which are values beyond 1.5 IQR. The asymmetry of the
box reflects the fact that the data are skewed. The box plots on the raw data
(Figure 4.70a) are hard to read, since the data are heavily skewed towards high
forces. The box plots on the log-transformed data (Figure 4.70b) are considerably
easier to compare. The box plots of Pse1 cells analysed with Au, DDT and MUA
tips have been included in Figures 4.71, 4.72 and 4.73. The plots that compare
the adhesion forces of individual cells of Pse2, Rc92 and Rc291 have been omitted
in this thesis.

It is possible to observe a certain degree of heterogeneity among cells that
belong to the same population, and that were probed using the same tip on a
particular experiment.
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(a) Forces (in N) (b) Log of forces

Figure 4.70: Comparative adhesion forces of Pse1 cells with Si3N4 tips. Four
different force maps (fm) of cells are compared.

(a) Forces (in N) (b) Log of forces

Figure 4.71: Comparative adhesion forces of Pse1 cells with Au tips. Five dif-
ferent force maps (fm) of cells are compared.

(a) Forces (in N) (b) Log of forces

Figure 4.72: Comparative adhesion forces of Pse1 cells with DDT tips. Four
different force maps (fm) of cells are compared.
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(a) Forces (in N) (b) Log of forces

Figure 4.73: Comparative adhesion forces of Pse1 cells with MUA tips. Five
different force maps (fm) of cells are compared.

Differences between genera and strains

The median and standard deviations of the measurements were calculated and
compared in order to detect differences in the data (Tables 4.5, 4.6). Pseudomonas
Pse1 showed no statistical difference between the measurements acquired with the
four cantilevers. The four probes gave rise to rather low adhesion values (∼ 15 pN).
This might be indicative that the molecules on the bacterial cell surface showed
little affinity for the tip surface or for the thiol molecules that the probe bore.

Pse2 showed the highest adhesion to Au (36.57 ± 4.98 pN) and the lowest
adhesion to MUA (11.93 ± 3.92 pN), a behaviour that was also found for Rc92,
which had an adhesion force of 37.47 ± 5.71 pN with the gold-coated cantilever
and 12.31± 3.21 pN with MUA.

For Rc291 the adhesion forces measured with Au, DDT and MUA were not
statistically different from each other (∼ 25 pN). Only the silicon nitride probe
showed less affinity for the cell (∼ 14 pN). Similar data sets have been obtained by
other authors [87], who report roughly similar adhesion values between hydropho-
bic and hydrophilic strains and probes (Table 4.2). Furthermore, confidence in the
validity of the results presented on this thesis arises from the observation of the
control experiments, between functionalised cantilevers and bare or functionalised
surfaces (Figures 4.38, 4.36). Such control trials proved that the tips used were
indeed capable of recognising surfaces of varying chemistry.

High adhesion forces were found between the Au coated cantilever and the
surface of Pse2 and Rc92, as well as Rc291 to a lesser extent. This behaviour
was puzzling since gold was considered to have a rather neutral surface. It was
expected that the hydrophilic strains (Pse1, Pse2) in principle would have a higher
interaction with the MUA tip, and that the hydrophobic strains (Rc92, Rc291)
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would have more affinity for the DDT tip. This was not the case, as the distribution
of forces and adhesion values of the four strains with the four cantilevers looked
rather similar.

Some tentative reasons of why the bacterial cells have a preference for gold
have been hypothesised. It is known fact that bacteria form biofilms on metallic
surfaces, a phenomenon that is a special case of concern since metals are important
parts of prosthetic devices, which ought not to be contaminated to avoid infections.
For instance Pseudomonas fluorescens [315] and P. aeruginosa [316] are known to
form extensive biofilms on gold. Busalem and Sánchez [315] studied the attach-
ment of Pseudomonas to gold, while varying the ionic strength and the surface
potentials. The authors hypothesised that gold surfaces might be able to support
the formation of bonds with the bacteria due to the metal’s surface charge. The
possibility exists that the negative charges on the bacterial cells induce a charge
on the metallic cantilever coating, thus rearranging the electronic distribution on
the gold [317]. This would provoke a mirroring of the charges on the tip and the
sample and create a strong field between these two entities, favouring their adhe-
sion (Figure 4.74a). This phenomenon has been seen, for instance, in the strong
adhesion of DNA molecules to Au surfaces [318].

Additionally, it is known that thin layers of gold are known to display a hy-
drophobic behaviour when they have been exposed to ambient air for some time
(Figure 4.74b) [319]; only extremely clean gold is hydrophilic [320]. The hydropho-
bic gold surface could be interacting with hydrophobic moieties on the cell surface.
This contribution is probably less important than the surface charge, since the
DDT cantilevers were substantially more hydrophobic, and their adhesive forces
were not superior to those of gold. These properties might be part of the reason
of why some strains had a slight preference for the gold surface, but these ideas
remain uncertain.
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Strain Cantilever Median (pN) S. error (pN)

Pse1 Si3N4 15.01 1.40
Au 15.82 2.85
DDT 16.11 2.31
MUA 14.46 1.49

Pse2 Si3N4 17.73 2.27
Au 36.57 4.98
DDT 16.04 9.17*
MUA 11.93 3.92

Table 4.5: Median values of adhesion in Pseudomonas. * large standard error
associated with small number of data points.

Strain Cantilever Median (pN) S. error (pN)

Rc 92 Si3N4 19.03 8.73*
Au 37.47 5.71
DDT 16.76 2.81
MUA 12.31 3.21

Rc 291 Si3N4 14.35 1.09
Au 25.28 4.84
DDT 23.31 1.83
MUA 27.43 3.15

Table 4.6: Median values of adhesion in Rhodococcus. * large standard error
associated with small number of data points.
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Figure 4.74: Possible reasons for the high adhesion between bacteria and Au-
coated cantilevers

4.6 Heterogeneity in bacterial cell surfaces

It was observed that the heterogeneity within the same cell surface and between
cells belonging to the same sample was, in some cases, greater than the differences
between species and between genera. This is quite surprising, since the membrane
architecture and composition of the Gram negative and positive selected strains
is substantially different, and so was the chemical composition of the probe. The
possible sources of this heterogeneity will be discussed on this section. Figure 4.76
summarises the possible sources of bacterial heterogeneity within the same cell,
between different cells of the same culture and between cells prepared on different
days.

Biological sources of heterogeneity are related to differences between cells pre-
pared on different days. The growth phase and conditions are known to affect the
properties of the bacterial cells. For instance, studies conducted by Stratton et
al. [35] on the Rhodococcus cell wall composition revealed that the mycolic acid
content (which controls, to some extent, the hydrophobicity) is affected by culture
age and culture media. Moreover, Rhodococcus cells harvested in stationary phase
have been found to be more hydrophobic that the ones in exponential phase. This
effect can be attributed to the fact that as time goes by, the cells produce mycolic
acids with longer alkyl chains [42, 45,98].

For all the strains, there was a careful control of the bacterial growth procedure.
Agar plates were prepared monthly from the frozen glycerol stocks, in order to
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reduce the possibility of mutations and ensure that the bacteria had similar traits
every time. To prepare the cells for a particular experiment, an overnight culture
in a liquid medium was prepared by taking a single colony from the agar plates, in
order to reduce variability. This overnight culture was used in turn, to inoculate a
larger amount of medium, which was adjusted to a particular optical density and
grown again. This was done to ensure that an equivalent number of cells were
present on the final culture. The final culture was grown for the same amount
of time in every case, to ensure that the cells were in a similar growth stage.
All of these measures were taken to reduce the variability between experiments
performed on different days.

Biological differences might be present even within the same bacterial cell.
Membranes are not homogeneous, since their polymeric constituents are not evenly
distributed. This distribution can be different to that of another cell, and hence
variability between individuals of the same population is expected.

The preparation protocol might affect the surface composition of the cell walls.
For instance, harsh washing steps could strip the EPS layer of the surface to some
extent, compromising the repeatability of the experiment. A series of experiments
designed to assess the effect of the washing protocols on the cell surface hydropho-
bicity of the cells is presented in Appendix D. These experiments suggested that
the washing protocol did not change the contact angle of bacteria, a fact that is
indicative that the bulk surface properties remained unchanged. In principle, if
the same preparation protocols are followed, like they were, it is possible to obtain
cells will similar characteristics.

Chemical and physical heterogeneity might arise from the interaction between
polymers with different chemical functionalities and in different conformations. A
large number of different intermolecular bonds can be formed during the course
of a force experiment. The type of forces present in the bacteria-tip interaction,
as well as their range of action are depicted in Figure 4.75. At distances around
50 nm, van der Waals interactions can be felt by the tip. As it gets closer, the
electrostatic forces start to modify the energetic balance of the system. Finally, at
close distances (∼ 5 nm) specific interactions are felt by the tip. The stochastic
nature of the latter has been mentioned before and are the main contributors to
the heterogeneity of the measurements.

It is clear that the formation of these bonds also depends on the SFM param-
eters, like dwell time, loading rate, applied force, indentation distance, cantilever
shape and functionalisation. These parameters can be controlled to some extent,
but irregularities might arise from non-controlled variables (e.g. tip asperities, ir-
regular SAM formation, tip contamination, etc.) Furthermore, every experiment
will be subject to technical problems that can include change in environmental

Ana Lorena Morales-García



On the Adhesion Forces of Bacterial Membranes and Derivatives 194

Figure 4.75: Interactions between a bacterium and a surface. Image inspired by
reference [321].

conditions, imaging buffer evaporation (and concentration), drift in the photode-
tector and thermal, mechanical noise or instrumental noise. The manufacturer of
the microscope in which the force measurements were performed, Asylum MFP-
3D, claims that the noise in the optical lever is around 0.02 nm and a z-piezo
noise of 0.25 nm. Even though the instrument was designed to have the least
possible instrumental noise and the microscope is located over a floating table to
reduce noise from the surroundings, sometimes the microscope detects vibrations
caused by loud sounds or vibrations from the building. These factors are substan-
tially more difficult to control and their effect on the measured adhesion forces is
uncertain.

Finally, it is possible to introduce bias through an erroneous selection of the
statistical models that describe the data. It is often difficult to directly compare
data across publications from different authors, since the data treatment could be
radically different. Much is done to ensure the repeatability of the experiments,
but in the realm of biology complete homogeneity, in practice, cannot be achieved.
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Figure 4.76: Sources of bacterial heterogeneity. The green flags mark sources of
heterogeneity that can be controlled to a certain extent. The red flag indicates
those that cannot.
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4.7 Concluding remarks

4.7.1 Bacterial adhesion in context

Bacterial adhesion is undoubtedly important for a wide variety of reasons, many
of which were reviewed in the introduction to this thesis. A deeper understanding
of the mechanisms that bacteria use to attach to living organisms and abiotic
surfaces is needed. It was mentioned that from the medical point of view it is
interesting to decipher the interaction between the cell envelopes of pathogens and
mammalian hosts. This knowledge will be key in the prevention of future illnesses,
since we would have the knowledge to block the initial attachment to the surface
and we would be in a position to manage microbial threats without resorting to
antibiotics. It is evident that humanity is in dire need to find alternative methods
to prevent or cure infections, in the light of the discovery of antibiotic resistant
strains and with the emergence of new, or even forgotten lethal pathogens (e.g.
bubonic plague, a deadly infection caused by the bacterium Yersinia pestis is still
an impending threat [322] and could become an epidemic again).

On the other hand, it was mentioned that humans carry more bacterial cells
than human cells, and thus we have established a careful symbiotic balance with
them that is equally worthy of attention. Many research groups have tried to
shed light to the interaction between lactic acid bacteria and human gut cells
[323]; Lactobacillus bacteria contribute to our digestive health and are involved
in the modulation of immune responses and it even has been proposed that they
regulate emotional responses in other mammalian models [324]. Consequently,
the knowledge of how probiotic bacteria bind to the intestines might even give us
insights into how the gut-brain axis influences our emotions.

Similarly, it was mentioned that many metabolically diverse bacteria are used
for bioremediation purposes. Rhodococcus and Pseudomonas are both known for
having an excellent array of enzymes capable of degrading a high number of xeno-
biotic pollutants. Mature biofilms are widely used in waste-treatment plants, as
opposed to their planktonic counterparts, since the former are capable of immo-
bilising toxic compounds and are more effective at getting rid of recalcitrant sub-
stances. Furthermore, it has been observed than the degradation of pollutants
can be enhanced by horizontal gene transfer within biofilms, and by the improved
bio-availability of the pollutants due to chemotactic processes [325]. Thus, a care-
ful understanding of the interaction between a group of bacterial cells and their
surrounding medium will refine the current methods for pollution treatment.
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4.7.2 The chemical maps of the future

Microbiologists know a great deal about the nature and composition of the cell
surface, and have a clear understanding of the macromolecules present on the cell
envelope. On the other hand, the mechanical and adhesive properties of these
polymers are poorly understood. The key challenge in biophysical studies of bac-
terial cells is to understand the role that the surface polymeric substances play
on the adhesion of cells to substrates. The localisation and association of surface
molecules needs to be understood, along with their function and the way in which
they specifically and non-specifically bind to the appropriate ligands on the surface
of interest.

The fact that on a particular bacterial cell there are areas of higher adhesion
is of high interest in microbiology, and with this observation many questions come
to mind. Firstly it would be interesting to see if the distribution of adhesive
areas varies with time. If so it would be possible to perform dynamic studies
of bacterial surface behaviour, for instance during the process of cell division or
in response to the presence of an antibiotic substance. With the advancement of
SFM, now is possible to acquire images much faster, and this will allow us to study
the dynamic processes of surface macromolecules in response to external stimuli.
These experiments would give us a deeper insight into the functional roles and
organisation of macromolecular assemblies.

Secondly, it would be interesting to know the chemical composition of the ar-
eas of high adhesion. The past decade has seen a tremendous development in the
area of single-molecule force spectroscopy and now the study of the interaction
and properties of single molecules has become a reality. In order to detect and
manipulate single molecules, the SFM probe needs to be functionalised with spe-
cific antibodies or ligands (see §2.6.6). Through the use of these techniques, there
have been a number of pioneering studies that have aimed to map the presence of
polysaccharides, proteins and lipids on bacterial cell walls. For example, Lebeer et
al. [146] have mapped the surface of lactobacilli and obtained force-volume maps
that indicate the distribution of polysaccharides, using lectin decorated probes.
Similarly, peptidoglycan has been mapped in Lactococcus bacteria using SFM
probes functionalised with vancomycin, a substance that binds specifically to the
d-Ala-d-Ala sites in this macromolecule [323]. In a recent study, Pfreundschuh et
al. [326] were able to image, detect and map proteins in their native state using
force-distance based SFM.

The experiments designed to map the distribution of lipids are less developed.
For instance, Adams et al. [327] measured the interaction between V. cholerae
bioprobes and lipid bilayers. Normally, bilayers are used as models of the cell
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wall, since these are easy to produce, but these experiments do not use the single-
molecule approach. After reviewing the literature, it was observed that the map-
ping of lipids in vivo is still in its infancy. The development of a technique that is
able to map the distribution of lipids on a bacterial cell wall will be very beneficial
for the current project. In the introduction, the work of Andrews et al. [24] on
Rhodococcus was presented (§2.2.1 on page 14). In this paper, the attachment
of strains Rc291 and Rc92 to polystyrene and other substrates was analysed. It
was observed that whereas Rc291 formed extensive biofilms on polystyrene, Rc92
preferred to remain in suspension. Confocal microscopy studies were performed,
in which the cell biofilms and aggregates were labelled with a fluorescent lipophilic
dye that differentiates between polar and non-polar lipids. These studies led to
the conclusion that these strains possessed a different ratio of polar to non-polar
lipids, and that these substances associated in a different manner with the cell
assemblies. It would be ideal if a SMFS experiment could be devised to map the
distribution of these two lipids on a particular bacterial cells and on biofilms.

The optimal SFMS experiment would have the ability to map the presence of
different chemical groups on a cell either simultaneously or in close succession.
It is not too far fetched to envisage a system in which multiple cantilevers with
specific functionalities could be easily exchanged to map a particular region of the
sample.

4.7.3 The statistics of heterogeneity

This chapter presented the analysis of the adhesion forces of several individuals of
Pse1, Pse2, Rc92 and Rc291 probed by four different types of probes: silicon ni-
tride, gold, DDT and MUA. The measurements were taken using the force-volume
functionality of the SFM, which yielded colour-coded maps in which each pixel
has a colour associated according to the measurement of adhesive force on that
particular point of the sample. The force-values on each cell were compiled and
gathered into histograms. These histograms did not conform to the normal distri-
bution, but appeared skewed towards high forces. These suggested the existence of
regions on the surface of the cell which had a considerably higher adhesion than the
rest of the cell. The data was described by fitting the histograms using a number
of Gaussian functions using finite mixture models. Each Gaussian peak is repre-
sented by a value of mean, standard deviation and height, and these parameters
were calculated for each one of the bacterial cells studied in this chapter.

These values were calculated with the aim of sorting the different strains ac-
cording to their adhesive properties (i.e. a comparison of the means), but soon
it became evident that the standard deviation on each cell was very large due to
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the heterogeneity present in every bacterial cell. Thus, the comparison between
experiments taken under different conditions is not straightforward. It is appar-
ent that the mean value of adhesion is not a very valuable indicator of bacterial
adhesion. Many authors [87, 140] use this descriptor to assess the differences be-
tween bacterial strains and conditions, but it is the hypothesis of this thesis that
by only reporting this value, a lot of information is lost in the process. Since the
SFM excels at providing spatially resolved adhesion data with an excellent lateral
resolution, it is evident that the force-volume maps should be studied as a whole
and not reduced to an individual number.

Two potential ways to reflect on the outcome of this project can be envisaged.
The first one is from the perspective of the utility of the adhesion values and de-
scriptors (i.e. mean, standard deviation and height of the Gaussian curves) for
each one of the force-volume maps acquired in this chapter. These values could
be put in context with the literature, aiming to sort the different bacterial strains
according to their adhesive properties. Such effort would generate a repository, in
which data produced by different research groups could compile all the informa-
tion known about a large number of bacterial strains, in the hope to gather enough
information to model the behaviour of new types of bacteria. The construction of
a framework of these proportions would undoubtedly call for standards and con-
ventions in the field that are currently non existent, for instance, use of similar
immobilisation methods, statistical descriptors, and instrumental parameters, to
name a few. The adhesive forces in this repository should be quoted with their
respective standard deviations to have an indication of the range of expected ad-
hesion forces. But before embarking in the creation of this repository, one should
wonder if these values are actually meaningful by themselves. A repository like
this would require a high number of experiments and samples taken, which might
be challenging with the current SFM methods that do not allow for high through-
put experiments. It is not until faster SFM techniques and easier and reliable
immobilisation methods appear that we will be able to study a large number of
cells, in order to derive statistically significant data out of them.

There is a second way to analyse the data produced in this thesis, in which
the main emphasis is not on the mean values of adhesion, but on the force-volume
maps themselves. The distribution of adhesion regions could give us a deep insight
into the way in which bacteria attach to surfaces. Mapping the distribution of
adhesive sites on individual cells or in early-stage biofilms might help us identify
which areas establish a contact first with the surface or other cells. A mass study
of this type would help us to identify the molecules responsible for adhesion, and
thus we would be in a better position to control bacterial behaviour.
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5
DNA interactions with mineral surfaces

The vast majority of microorganisms prefer to live in a sessile form, forming ag-
gregates such as biofilms and flocs. An attached state is preferable to leading a
solitary and perilous life in the plancton. A comprehensive review of biofilm forma-
tion was presented in §2.2 and only some key aspects of the theoretical background
will be presented here.

Biofilms are the primordial form of growth in nature, and mixed conglomer-
ates of a variety of species are distributed in aquatic and terrestrial environments.
Biofilms are defined as accumulations of microorganisms, encased in a polymeric
matrix made of extra-cellular polymeric substances (EPS). These substances are
responsible for the biological and chemical properties of the matrix, forming a
highly hydrated, three-dimensional, gel-like structure in which the cells are em-
bedded. Such EPS are known to contain primarily water and dissolved substances
such as ions, diverse polysaccharides, proteins, phospholipids and extra-cellular
DNA [328].

Extra-cellular DNA (eDNA) is ubiquitous in soil (up to 2 µg/L) and aquatic
environments (up to 44 µg/L) and constitutes a rich source of C, N and PO3−

4 [329].
It can also be found in the fluids of the human body, like mucus, blood, urine and
amniotic liquid. It is produced by the lysis of cells, and membrane vesicles, and it
accumulates throughout the EPS matrix.

It is known that some bacteria can use eDNA as a nutrient source [330]; if
they possess the adequate enzymatic capabilities, they can cleave this polymer
backbone, and use it as a source of N and PO3−

4 , and C at a lesser extent. The use
of eDNA will normally take place in situations of nutritional stress; for instance,
when [PO3−

4 ] is low, the enzyme DNase is produced, in order to utilise it as a
source of phosphate.
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In §2.2.3 it was seen that the bacteria P. aeruginosa forms biofilms on the
mucus and lung cells of cystic fibrosis patients. The conditions in this mucus can
sometimes be anoxic and deficient in nutrients, but rich in eDNA, to a concentra-
tion of up to 20 µg/L. In these sub-optimal conditions, P. aeruginosa will develop
virulence traits in order to survive. They undergo phenotypical changes and adopt
a mucoidal form, characterised by the increased production of the polymer algi-
nate. This deteriorates the condition of the host’s lungs, causing cell lysis. The
breakage of the cell membrane will release DNA that will be assimilated by the
bacterial invaders in order to survive.

One of the proposed roles of eDNA in biofilm of pseudomonads is thus, as
a nutrient source. The fact that this genus is capable of having such metabolic
diversity ensures its success as a pathogen in the body. The presence of DNases
facilitates the degradation of this polymer and their presence is related with the
ability of a colony to support growth in the absence of any carbon source but
DNA.

Extra-cellular DNA is also involved in the formation of biofilms of Pseudomonas
Pse1 and Pse2. Andrews et al. [24] explored the role of this nucleic acid on biofilm
formation by growing the aforementioned strains on polystyrene. In Figure 2.4
on page 14, it was shown that Pse1 attaches preferentially to substrates, whereas
Pse2 does not form extensive biofilms.

Further experiments have been performed in order to assess the influence of
eDNA on biofilm formation. Walton et al. [11] added the enzyme DNase through-
out the growth period or at the end of the experiment. Figure 5.1a shows the
growth curve in LB medium of Pse1, whose exponential phase occurs between
20-40 h after inoculation. The modification in the growth of Pse1, when DNase is
added to the growth medium, can be observed with higher cell numbers present
when the enzyme is added, one possible explanation being that DNase breaks
cell assemblies, a phenomenon that increases the scatter of light. In Figure 5.1b
it can be seen that a sharp increase in the concentration of DNA in the growth
medium coincides with the exponential phase. Double-stranded DNA accumulated
in solution and reached a concentration of 60-70 ng/mL, 46 h after inoculation.
These DNA molecules had a high molecular weight (>20kbp) as revealed by gel
electrophoresis.

To study the influence of DNase on the adhesion of Pse1, attachment assays
were performed. Pse1 cells were grown until late exponential phase and harvested.
The bacteria were incubated onto polystyrene and washed gently with PBS to
remove unattached material.The enzyme DNaseI was either added at the beginning
or the growth period or once harvested from the growth medium. Figure 5.2 shows
the attachment of Pse1 and Pse2 to polystyrene [24].
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Figure 5.1: Growth of Pse1 in LB medium with and without DNase. Figure (a)
shows the growth of Pse1 in LB medium without DNase (open symbols) and with
DNase (dark symbols). The left-hand side scale shows the average values (n = 3)
of OD600 and the right hand scale shows values of cell numbers. Figure (b) shows
the concentration of DNA in the growth medium. Data acquired and plotted by
Dr Rachel Walton [11].
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For Pse1, the addition of DNase detached a considerable number of cells from
the biofilm. The highest impact of this enzyme was seen when it was present
during the entirety of the growth period, with only few cells attaching to the
surface. Conversely the addition of DNase, both during or at the end of the
experiment, did not have a significant effect on the number of attached Pse2 cells.
These observations lead to the conclusion that eDNA is involved in the mechanism
of biofilm formation of Pse1, but not for Pse2.

Since eDNA proved to be involved in the attachment of Pse1, this strain was
studied further, by designing attachment experiments using fused quartz slides as
the adhesion substrate, in the presence and absence of eDNA under varied condi-
tions. Figure 5.3 shows the results of such investigations. Figure 5.3a shows the
scenario in which the microbes have been washed, resuspended and deposited in
PBS only, and it can be seen that a considerable amount of cells are attached to
the substrate and the presence of cell aggregates is evident. In Figure 5.3b, which
shows DNase treated cells, it becomes apparent that the enzymatic digestion of
DNA led to a reduction in the number of attached cells as well as a dissolution
of the conglomerates. However, when the eDNA is restored into the media (Fig-
ure 5.3c) the aggregates are restored. Similarly, the presence of DNase in the
growth medium (i.e. since the beginning of the growth cycle) contributed to low
attachment numbers (Figure 5.3d), but the binding was restored by the addition
of eDNA (Figure 5.3e).

The source of the DNA is apparently not important in the restoration of the
binding of DNase treated cells to the quartz substrates. DNA of 20-25 kbp in
size, extracted from the supernatant (eDNA), genomic Pse1 DNA (gnDNA) and
sheared salmon sperm DNA (ssDNA) were added at the same concentration (5
ng/µL) to DNase treated cells. The three types of DNA caused a greater number
of cells to adhere to the surface as seen in Figure 5.4a. DNA fragments of ssDNA of
different lengths increase the adhesion of Pse1 cells to substrates as seen in Figure
5.4b.

The presence of divalent cations, like Ca2+ also seem to influence the attach-
ment of Pse1 to fused silica surfaces. Pse1 cells were treated with DNase and
washed with the chelating agent EGTA (ethylene glycol tetraacetic acid), which
complexes the cations and removes them from solution. EGTA is a compound sim-
ilar to the well-known EDTA (ethylenediaminetetraacetic acid), but has a lower
affinity for Mg2+, making it more selective to calcium ions. Once the calcium ions
were removed from the cell suspension, they were restored in known concentra-
tions, in order to assess the effect that these have on bacterial attachment. In
Figure 5.5 the effect of the chelating agent and different concentrations of Ca2+

can be appreciated.
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(a) CLSM images (b) Quantification of attachment

Figure 5.2: Pseudomonas Pse1 and Pse2 biofilms treated with DNase. Pse1 (A-
C) and Pse2 (D-F) are shown attached to polystyrene, and dyed with SYTO9, as
seen with confocal laser scanning microscopy (CLSM). A and D are control images,
without DNase, after 96 h of growth. B and E show the effect of DNase added
after the period of growth. C and F show the effect of DNase added throughout
the period of growth. “ns” indicates that these values are not statistically different
from the control. ***p<0.01 (statistical significance). Scale bar=20 µm. Images
taken from [24] with permission. Copyright (2010) Wiley.
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Figure 5.3: Pse1 attachment to fused quartz silica with and without DNase. (a)
washed cells in PBS, (b) DNase-treated cells in PBS, (c) DNase-treated cells in
PBS and 60 ng/mL eDNA, (d) DNase-treated growth medium, and (e) DNase-
treated growth medium and 60 ng/mL of eDNA. The statistical results of the
number of attached cells are represented in the graph in the bottom right corner,
where the values of the averages and standard deviations of three samples are
computed. Data acquired and analysed by Dr Rachel Walton [11].
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Figure 5.4: Influence of DNA sources and sizes on cell adhesion. Figure (a)
shows the effect of DNA extracted from three different sources. When the cells are
treated with DNase, the number of cells adhered decreases from around 8000 to
under 4000 cells/mm2, a value significantly different from the control experiment.
Binding is restored with the adhesion of eDNA from the supernatant, genomic
DNA (gnDNA) and salmon sperm DNA (ssDNA). Figure (b) shows the effect
that different sizes of DNA have on the increase in attachment of Pse1/DNase
treated cells to the quartz substrate. The control experiment (dark circle) and the
DNase treated cells without DNA (open circle), are shown for comparison. Data
acquired and analysed by Dr Rachel Walton [11].
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Figure 5.5: Pse1 attachment to fused silica surfaces under different Ca2+ con-
centrations. Cells were treated with DNase, and then with the chelating agent,
EGTA, to remove calcium ions. DNA and Ca2+ were added into the suspension,
and the ions were added in different concentrations to assess their effect on cell
adhesion. The results presented are the means of three different experiments, and
the error bars correspond to the standard deviations. Data acquired and analysed
by Dr Rachel Walton [11].
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It has been seen that in other Pseudomonas species the presence of divalent
cations affects the production of EPS. Ca2+ and Mg2+ bind to several components
of the biofilm matrix; calcium is involved in signalling processes [331], regulates
enzymatic functions, and the presence of calcium can potentially increase the co-
hesion of the biofilm, as seen in marine environments, where the presence of this
ion is high. Calcium ions are also involved in specific interactions between bacte-
rial cells and substrates, as many calcium-binding proteins are related to adhesion
and aggregation. Mangwani et al. [332] observed that the phenantrene-degrading
strain Pseudomonas mendocina grows considerably larger biofilms in the presence
of Ca2+ and Mg2+ 20 mM, than without these ions. The presence of calcium
increased the production of EPS and cell aggregates, whereas the effect of mag-
nesium was seen as an increment in cell growth, albeit less notoriously. Similar
studies [333] have been conducted with the pernicious strain P. aeruginosa where
also thicker biofilms are obtained in the presence of Ca2+.

5.1 Chapter overview

Having acknowledged the importance of eDNA in the biofilm formation process of
Pse1, it became interesting to study the adherence of single molecules of DNA to
solid surfaces using the SFM in its force mode. To this end SFM gold coated can-
tilevers, functionalised with very dilute solutions of thiolated DNA, were employed.
Also, having established that the presence of divalent cations affects the adhesion
of eDNA in Pse1 attachment experiments, the effect of the addition of calcium
was also studied and compared to the effect caused by a monovalent ion. The
DNA-cantilevers were probed against silicon surfaces under water and electrolytes
containing Ca2+ and Na+. The adhesion force of the distinct events was computed
and the profile of the force-distance curves was analysed using the worm-like chain
model of polymer elasticity. The data will also be compared to theoretical predic-
tions made by computer simulations that model the adhesive behaviour of DNA
in the presence of cations.

In the literature, a large number of publications that study the stretching of
DNA are found. These experiments make use of the SFM and optical or magnetic
tweezers. Little, however, has been said about the measurement of the adhesion
force of molecules of DNA to abiotic surfaces. Hence, there is a need to understand
the mechanisms that this biopolymer uses to attach to surfaces; knowledge that
will also shed light into the more complex mechanisms of bacterial adhesion.

Before the experimental results are presented and discussed, several key con-
cepts regarding the nature of the deoxyribonucleic acid and its study from the
point of view of polymer physics, will be reviewed.
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5.2 Deoxyribonucleic acid

Deoxyribonucleic acid is composed by monomers or building blocks called nu-
cleotides, which have three key components: a nitrogenous base, the sugar 2’-
deoxy-d-ribose and a phosphate group (Figure 5.6). Nitrogenous bases are hete-
rocyclic compounds that in nucleic acids can have two forms, named pyrimidines
and purines. DNA has two purines, adenine and guanine, and two pyrimidines,
cytosine and thymine. The neighbouring nucleotides in the nucleic acids are linked
via phosphodiester bonds, forming a backbone of alternating phosphate and pen-
tose residues that are covalently linked to each other. These backbones are of
hydrophilic character, since the sugar residues have free hydroxyl groups that
can form hydrogen bonds with water. The phosphate groups, at neutral pH, are
ionised, thus bearing negative charges (DNA is one of the most charged polymers
known) that in physiological environments are neutralised by metal ions, proteins
and amines. A short nucleic acid (i.e. less than 50 nucleotides) is called an oligonu-
cleotide, whereas a longer polymer is referred to as a polynucleotide.

The pyrimidines and purines are highly conjugated and weakly basic molecules,
properties that will determine their chemistry, structure, and electronic character-
istics. The bases are of hydrophobic nature, and practically insoluble in water at
neutral pH. Hydrophobic interactions, as well as other intermolecular forces be-
tween close base pairs, will cause their stacking and direct the three-dimensional
structure of the DNA molecule. Hydrogen bonds between the amino and carbonyl
groups between nitrogenous bases allow the association between two strands of
nucleic acids. In 1953, James Watson and Francis Crick discovered the patterns of
association between the bases, and determined that adenine-thymine and guanine-
cytosine were complementary base pairs. Experiments developed by Erwin Char-
gaff proved that the base composition of DNA varies between species, but the
number of purine residues is equal to the number of pyrimidine residues, a proof
of the complementarity between the nitrogenous bases [334]. The guanine and
cytosine molecules can form three hydrogen bonds between them (G ≡ C) but the
adenine-thymine pairs can form only two (A = T ) (Figure 5.7).

The three-dimensional structure of DNA was resolved with the aid of X-ray
diffraction experiments conducted by Rosalind Franklin and Maurice Wilkins in
the 1950s. From the patters obtained, Watson and Crick deduced that DNA con-
sisted in two helical and entwined chains, forming a double helix. The hydrophilic
backbone, consisting in alternating pentose and phosphate moieties are located on
the outside of the helix, facing the aqueous medium. The hydrophobic nitroge-
nous bases of both strands are facing inwards, stacked inside the double helix to
minimise their interaction with water. The pairing of the two strands generates a
major groove and a minor groove, as shown in Figure 5.8.

Ana Lorena Morales-García



On the Adhesion Forces of Bacterial Membranes and Derivatives 210

NH

N
H

O

O

Thymine

N

N
N
H

N

NH2

Adenine

N

N
H

NH2

O

Cytosine

NH

N
N
H

N

O

NH2

Guanine

NH

N

N

O

NH2

N

O

H

HH

HH

OH

OP-O

O

O-

Pyrimidines Purines

Phosphate

Base

Sugar
Deoxyribose

DNA Bases

DNA nucleotide

Figure 5.6: Structure of nucleotides. (a) Major purine and pyrimidine nitroge-
nous bases of DNA. (b) Covalent link between a phosphate group, deoxyribose (a
pentose sugar) and a purine or pyrimidine base.
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Figure 5.8: B-DNA Structure. Diagram not to scale.
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DNA can exist in three main structural forms: B, A and Z. The best known
is the B form, whose parameters are depicted in Figure 5.8. The A form, which
is favoured in low water concentrations, has a larger diameter and is more com-
pressed around the main axis; the involvement of A-DNA in metabolic pathways
is uncertain. The Z form is left handed and narrower than the A or B forms and
has been found in living organisms [334].

DNA can be flexible under some circumstances, and so is capable of bending,
stretching and the un-pairing of the complementary strands. DNA can be bent
smoothly, dividing the strain over long molecular sections, rather than folding
abruptly at a particular location [335]. These mechanical properties are key to the
roles that the nucleic acids play in metabolism.

5.3 Polymer physics of nucleic acids

Polymeric molecules are an assembly of hundreds or thousands of monomers, which
makes them very complicated to study, unless simplifications are made. If we were
to analyse the interaction forces that govern the behaviour of each monomer, in
terms of its position and relation with other monomers and solvent molecules, the
calculation would be unnecessarily complicated. This is why mean-field theory,
which assumes that a polymer chain experiences a uniform environment regardless
of its location in the medium, helps to simplify and model polymeric molecules
[336]. For the particular case of nucleic acids, DNA is much longer than it is wide
(it is approximately 2 nm in diameter), and is made up of thousands of base-pairs,
approximately 0.34 nm long (Figure 5.8). DNA thus, can be described as a long
cylinder and therefore it is reasonable to assume that its properties will not depend
on the microscopic structure of the molecule (i.e. the particular order of the base
pairs).

All polymers are flexible at a sufficiently long length scale but they can be
considered as stiff on short length scales (i.e. one or few monomers). This length
that describes the stiffness of a particular polymer, is directly related to its chemical
nature and it is known as its persistence length. A second important concept in
the description of polymeric molecules is the contour length, which is defined as
the distance from end to end in a linear polymer chain [337].

Force spectroscopy experiments give an insight into the measurement of these
parameters. At low pulling forces the conformation of a polymer chain can be
described by a random-walk or Gaussian distribution. This approach omits the
influence of the microscopic structure on the conformation of a chain. Since low
pulling forces are being applied, the extension would be smaller than the contour
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length. In the Gaussian model, only part of the molecule is being measured as the
interaction between the molecule attached to the SFM tip and the surface, will
not necessarily happen at the very end of the molecule, but a random section of
the polymer will be the one that is probed instead. So in this case, the contour
length, L, will represent a section of the molecule. Assuming that x is the distance
between the tip and the sample and x << L, the relationship between the force
and the distance can be expressed as in

F (x) = 3kBTx
lKL

, (5.1)

where kB is the Boltzmann constant and lK the Kuhn length, which is related to the
stiffness of the molecule. Since there is a linear relationship between the force F (x)
and the pulling distance x, the molecule will behave as a linear spring [274,338].

At higher pulling forces the molecule is no longer randomly oriented, but mainly
aligned in the direction of the external force; in this case, ideal polymers can simply
be described with a freely-jointed chain (FJC) model, that considers the polymer
to be a chain formed by monomers connected by freely-rotating bonds. In this
way the units of the polymer can have any orientation that does not depend on
the orientation of its neighbours. In Figure 5.9a representation of an ideal chain
is depicted. The FJC model is the simplest description that a polymer can have
and constitutes a starting point to describe a polymer in an elementary manner.
As shown in Figure 5.9a, the end-to-end distance of the polymer chain −→R is the
vector sum of the position of the individual monomers −→ri as in

R =
N∑
i

ri, (5.2)

since 〈R 〉 = 0, the chain size cannot be computed from 5.2, but
√
〈R2〉, which is

non-zero, and is calculated from〈
R2
〉

=
〈

N∑
i,j

ri · rj
〉

= Nl2 +
〈

N∑
i 6=j

ri · rj
〉

= Nl2. (5.3)

In the FJC model, the polymer chain is assumed to have n segments of length lK,
joined by flexible hinges that do not feel the influence of long range interactions.
For this model, the chain extension x is expressed as a function of the pulling force
F as in:

x(F ) = L

[
coth

(
FlK
kBT

)
− kBT

F lK

]
= LL

(
FlK
kBT

)
(5.4)

where L is the so-called Langevin function (i.e. Λ(x) ≡ coth(x) − x−1) and the
contour length L = nlK. When the extension is small (i.e. x << L), the polymer
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still behaves like an ideal spring, but at large extension the behaviour stops being
linear [339].

The conformation that an ideal polymer chain acquires when in a liquid medium,
depends on the nature of the solvent; if the polymer is in a good solvent, it
becomes thermodynamically favourable to make more monomer-solvent contacts
than monomer-monomer interactions. This would result in an expansion of the
polymer chain, where it would have the maximum number of contact points with
the liquid medium, having a self-avoiding random walk. If on the other hand, the
polymer is in a bad solvent the chain would collapse and increase the number of
monomer-monomer contacts, reducing its size. The final form of the chain will
consequentially depend on a compromise between enthalpic interactions and the
entropic effects [336].

Figure 5.9: Polymer chain models. (a) Freely-jointed chain or ideal chain is the
simplest model, where the monomers can have any orientation, which is indepen-
dent of neighbouring units. The distance −→R is the vector sum of the individual
position of the monomers −→ri . (b) Worm-like chain model, which is a more suit-
able model for semiflexible polymers. lp respresents the persistence length of the
polymer.

A more realistic view of a dsDNA molecule, instead of being described as dis-
crete segments joined by freely rotating hinges, can be understood as a continuous
elastic medium. The molecule of dsDNA is rather stiff, and consecutive segments
are oriented in a similar general direction. Double-stranded DNA is among the
stiffest known polymers (about 50 times more energy is needed to bend dsDNA
into a circle than single-stranded DNA [335]), with a persistence length of around
50 nm (∼ 150 base pairs, as measured in 0.1 M NaCl) but can have smaller persis-
tence lengths (' 15−30nm) at higher salt-concentrations or in presence of certain
trivalent cations [338, 340–342]. Since stereochemistry directs the bond angles
between monomers and given that the rotation of certain bonds has a high en-
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ergy barrier, more sophisticated polymer models are needed to describe the elastic
behaviour of DNA, such as the the worm-like chain model.

A worm-like chain (WLC), continuously curved chain, or Porod-Kratky chain
is a linear macromolecule with an infinitely thin chain of continuous curvature
(Figure 5.9b). This model is used to represent stiff chains [337], especially at
low pulling forces (< 10 pN) [343]. This model takes into account entropic and
enthalpic contributions, and considers the molecule to be inextensible, and thus,
the contour length is a constant. The key characteristic of a chain in the WLC
model is the persistence length, which quantifies the stiffness of the polymer, thus
assessing the structural rigidity of a macromolecule and the energy cost of bending
it. Formally, the persistence length is defined as the length over which correlations
in the direction of the tangent are lost. For molecular sections which lengths are
below the persistence length of the molecule, they behave like a flexible elastic rod,
whereas for longer sections that surpass the persistence length the properties can
only be described statistically.

The persistence length, lp, is defined as

lp = l

1− cosα = l(1 + C∞)
2 , (5.5)

where α is the angle between bond vectors (Figure 5.10) and C∞ is the Flory
characteristic ratio given by

C∞ = 〈R
2〉

nl2
, (5.6)

for a chain of n bonds.
When α in Figure 5.10 has a small value, the chains are stiff and can be

described by the worm-like model. The force-distance relationship for the WLC
model is described by

F (x) = (kBT )2

B

⌊
1
4

(
1− x

L

)−2
+ x

L
− 1

4

⌋
= kBT

lp

[
1
4

(
1− x

L

)−2
+ x

L
− 1

4

]
, (5.7)

where B is the bending modulus of the polymer. At lengths less than the persis-
tence length, the directionality of the molecule is kept. For low extensions, both
the FJC and the WLC have a similar behaviour. At low forces the relationship
between the persistence and Kuhn length is

lK = 2lp. (5.8)
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Figure 5.10: Azimuthal rotation of bonds. Even when bonds are stiff (i.e. the
rotation around the bond has a high energy barrier) the bond does not constrict
the chain completely and allows azimuthal rotation. The angle α = π− θ where θ
is the bond angle. Image adapted from reference [336].

It is important to point out that neither the persistence or the Kuhn lengths are
directly related to the size of the monomer units. As stated before, the size of a
DNA monomer is 3.4 Å, whereas its lp = 500 Å.

5.4 Single-molecule force spectroscopy

Single-molecule experiments allow the study of one molecule at a time. These
measurements access the whole distribution of observable events that a molecule
can have, in terms of its interaction with a surface and its surrounding environment.
If several molecules were analysed at the same time, one would have to consider
an average behaviour instead, so the mathematical treatment would become more
complicated. Single-molecule experiments reveal information about the dynamics
and conformation of molecules that cannot be attained otherwise, as well as strains
and stresses that occur in biochemical reactions.

There is a range of techniques available to study single-molecular events, namely
optical tweezers, magnetic tweezers and scanning force microscopy. They all rely
on having the molecule of interest anchored to a fixed point and stretched over
time, measuring its response [344].

Optical tweezers use laser radiation pressure to trap small particles. These
traps can be applied in biological systems to attach macromolecules to dielectric
particles and manipulate the molecules to measure diverse interactions and stretch-
ing forces, in the range of 10−10−10−13 N. Single nucleic acid molecules have been
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attached to micron-sized polystyrene beads, which are trapped using optical tweez-
ers. The anchored molecule can be analysed in such a way that it is possible to
assess a diversity of its chemical and biophysical properties. Such parameters en-
hance our understanding of biological processes like DNA replication and repair
or RNA translation and transcriptions, under controlled conditions. For instance,
Williams and Rouzina [345] have stretched single dsDNA (double stranded DNA)
beyond its B-form contour length (∼ 0.34 nm× number of base pairs). At forces
higher than 60 pN the applied force is no longer extending the molecule, but per-
forming work and deforming the polymer), over-stretching it to a single stranded
form, as the nucleic acid unwinds during the stretching. This is why, below the 60
pN threshold, the extensible WLC model describes the mechanical behaviour of
DNA appropriately, but after this limit, the molecule can be stretched to twice its
normal length. In such an experiment, a single molecule of DNA is stretched using
a set-up similar to that of Figure 5.11. Optical tweezer experiments are ideal to
measure the elasticity of nucleic acids. The mechanical properties of nucleic acids
are of great interest since, in a cell, a particular gene must become accessible in
order to be used in transcription or regulation processes, even when DNA is packed
with proteins; thus, the fact that DNA is an entropic or extensible chain proves to
be advantageous for it to perform all of its functions [274].

In a magnetic tweezers experiment, the molecule is attached to a magnetic
bead at one end, and to a glass surface at the other end, and the molecule can
be manipulated at the operator’s will. Since the magnetic field exerts a constant
force, it is possible to measure the force of molecular extension. A simple diagram
explaining the main components of this technique is depicted in Figure 5.12.

An SFM experiment for stretching DNA, would have one end of the nucleic
acid firmly attached to a glass surface and the other end attached to a cantilever.
The probe is then retracted, and the force of extension is recorded as a function
of the deflection of the cantilever.

The small masses used in optical and magnetic tweezers experiments, make
them suitable for the measurement of very small forces, as illustrated in Figure
5.13. SFM spectroscopy, which uses heavier and stiffer probes, is better suited for
experiments that involve higher forces, resolving shorter distances. This is why
experiments that involve nucleic acids have been mostly developed using tweezers
experiments. On the other hand, the fact that the SFM can access forces in
the nanoNewton range, could be advantageous over tweezers experiments; most
studies with optical and magnetic tweezers are limited to forces below 100 pN.
Notwithstanding, significant conformational changes already occur at these low
forces (e.g. the elongation of DNA at 65 pN) [274].
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Figure 5.11: Classical DNA studies using optical tweezers.(a) Classic setup of an
optical tweezers experiment, that employs an optical trap that fixes a polystyrene
particle onto which a DNA molecule is firmly bound. The other end of the molecule
is fixed to another bead, which is manipulated by a pipette tip. (b) Variation of
the experiment that uses two optical traps. The DNA molecule can be stretched
by positioning the beads further apart from the equilibrium distance.
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Figure 5.12: Magnetic tweezers.

Figure 5.13: Force resolution of SMFS techniques. Image adapted from reference
[344].
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5.4.1 SFM as a tool for single molecular analysis

As reviewed in §2.6, the scanning force microscope has evolved from being an
imaging device to one that measures molecular forces in interfaces with great
precision. The cantilever acts as a sensor of the interaction forces at a given point
in the sample. This information is extracted from force-distance curves, which are
a product of the cantilever deflection, as the probe is moved towards or away from
the surface (See §2.6.5). Force-distance curves have an approach and a retraction
section, and in some cases the latter exhibits complex features and patterns that
provide a wide variety of information about the nature of the forces that take place
while retracting the probe. These interactions span from van der Waals forces in
the range of tens of nN to forces that are entropic in nature and are in the range
of tens to hundreds of pN. An entropic force, for instance, would arise from the
stretching of a molecule that is fixed both in the probe and in the sample.

When a single molecule is anchored to the cantilever, retraction of the piezo
device, at a constant velocity, gives rise to rupture events that are seen as a
discontinuous slope in the retraction part of the force curve. Statistical analysis
of the resultant pulling forces can relate their rupture values to the piezo position
during the detachment event. The maximum peak usually represents the binding
strength and sometimes multiples of a unit binding force n×F can be detected in
several systems. Thus, the shape of the rupture curve is indicative of the number
of the molecules adhered or number of bonds broken and this information can be
related to the chemical structure of the polymer that is being probed.

The interaction forces between the probe and the sample are strongly depen-
dent on the chemical nature of the sample that is being studied, as well as on
the nature of the probe, the fixing surface and the surrounding gaseous or liquid
medium. The measured forces that predominate in a given experiment depend
on the local medium; it has been stated earlier than when the experiment takes
place in humid air, capillary forces dominate the measurements and obscure van
der Waals interactions. This is why single-molecule experiments are carried out in
a liquid medium, in which capillary forces are negligible.

Aqueous solutions are thus a convenient way in which to perform single-molecular
analyses, in which biomolecules can reside in physiological conditions. Electrostatic
forces are predominant in aqueous solution and consequently the ionic strength and
the nature of the ions in solution will greatly affect the measurements taken.

The literature on single-molecular force experiments of nucleic acids is rich in
stretching, twisting and unravelling experiments [338,345,346]. Experiments that
involve detaching DNA molecules from a surface are far less common. In stretching
experiments is important that the binding energy between the tip, the molecule
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and the surface is stronger that the property that is to be measured. This is why
strong ligand-receptor interactions are employed to firmly anchor the nucleic acid,
and stretch it before is detached.

The interpretation of force-distance curves that are produced by force-pulling
experiments is rarely straightforward. It is seldom the case that only one molecule
is anchored to the SFM probe apex and that only one molecule is interacting with
the substrate at any given point in time. It often occurs that many molecules are
interacting almost simultaneously, and thus it is important to learn to recognise
the patterns that such interactions would provoke in a force curve.

In all the models that have been presented before, Gaussian, FJC and WLC,
there is a relationship between the force F (x) and x/L, meaning that the elasticity
of a polymer chain scales with its contour length. Hence, two polymeric molecules
of different lengths will have different extension curves, since their stiffness val-
ues would be different. Due to the fact that properties like the persistence or
Kuhn lengths, and the spring constant of particular segments of the polymer are
parameters that are independent of the total length of the macromolecule, differ-
ent polymers of the same type, but different size, can be described by a typical
force-extension curve.

Single-molecule experiments are also subject to a wide variety of experimen-
tal hurdles, such as the SFM sensitivity, heterogeneity of the surface chemistry,
susceptibility of contamination, tip radius, background noise and control of the
pulling velocity, among others [274].

5.5 Experimental protocols

5.5.1 dsDNA fragment preparation

Salmon (Oncorhynchus keta) sperm DNA was obtained from Sigma-Aldrich UK
(Dorset, England), extracted with 1:1 phenol:chloroform and precipitated using
50% (v/v) ethanol and 0.3 M sodium acetate and then resuspended in 50 µL
buffer containing 10 mM Tris and 1 mM EDTA at pH 8.0 (TE buffer). According
to Tanaka and Okahata [347], the salmon sperm DNA supplied by Sigma-Aldrich,
is approximately 2000 bp long, a value that was confirmed by [11] using gel elec-
trophoresis.

The DNA was thiolated using the 5’ EndTag nucleic acid system (Vector Lab-
oratories, Burlingame, USA). This kit covalently attaches a variety of functional-
ities to the 5’-end of nucleotides, leaving the 3’-end untouched. The protocol in

Ana Lorena Morales-García



On the Adhesion Forces of Bacterial Membranes and Derivatives 223

the manufacturers’ instruction was followed. The preparation started with a 10
µg/mL DNA solution in water. In the first step, the DNA was dephosphorylated
by mixing the DNA with the enzyme alkaline phosphatase in a universal reaction
buffer. The mixture was incubated at 37 ◦C for 30 minutes. Once ready, the
mixture was treated with adenosine-5’-O-(3-thiotriphosphate) (ATP-γ-S) and T4
polynucleotide kinase. The mixture was incubated at 37 ◦C for 30 minutes. Details
of the reaction scheme can be seen in Figure 5.14.
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Figure 5.14: 5’EndTag labelling reaction that thiolates the 5’-end of the DNA.

After the DNA was thiolated, the mixture was diluted with water and purified
through a mini quick spin DNA column (Roche Diagnostics, Indianapolis, USA)
to remove any unattached ATP-γ-S.

The concentration of the nucleotide was then measured using a Nanodrop 8000
Spectrophotometer (Thermo Fisher Scientific, Wilmington, USA) and was deter-
mined to be 4.6 ng/mL . The solution was further diluted to 3 ng/mL and stored
at -18 ◦C until use. Both the DNA extraction and functionalisation were carried
out by Dr Rachel Walton.

5.5.2 Cantilever functionalisation

The thiolated DNA was defrosted on the day of the experiment and diluted to
a concentration of 3 pg/mL with sterile filtered ultra pure water. This very low
concentration was selected so as to have only a very small number of molecules
attached to the SFM probe. A functionalised cantilever is represented in Figure
5.15.

MLTC Si3N4 SFM probes (Bruker AFM Probes, Camarillo, USA) probes were
used and gold coated as explained in §4.2.2. The cantilever was kept in a clean
and sealed Petri dish until the day of the experiment. Then it was cleaned using
a home-made oxygen plasma cleaner for 30 minutes before functionalisation.
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Figure 5.15: DNA-functionalised cantilever. A thiolated DNA molecule is at-
tached to an Au coated cantilever.

The gold-coated cantilever was saturated with the thiolated-DNA solution for
2 minutes. After this time, it was rinsed with sterile and filtered water. The probe
was air-dried and mounted onto the cantilever holder.

The imaging solutions were prepared using CaCl2 anhydrous and NaCl (both
Sigma-Aldrich, Dorset, England) in analytical grade water (AnalaR Normapur
Water, VWR International LTD, Lutterworth, England). These compounds were
used exclusively for this experiment, to avoid cross-contamination. The solutions
were diluted from a concentrated stock to final concentrations of 2 and 20 mM
NaCl and 1 and 10 mM CaCl2. The solutions were filtered immediately before
use, using sterile syringe filters (0.20 µm pore size, Minisart, Sartorius, Göttingen,
Germany).

5.5.3 SFM experiments

Silicon wafers of 425± 25 µm thickness (Prolog Semicor, Kiev, Ukraine) were cut
into rectangles of 0.5× 1 cm. The substrates were cleaned using piranha solution
for 1 h (with a ratio of H2SO4:H2O2 7:3) and then rinsed with copious amounts
of deionised water. The wafers were then boiled in water for 1 h and the water
was replaced 2–3 times during this process. Afterwards the wafers were rinsed
with analytical grade ethanol (Sigma-Aldrich, Dorset, England) and sonicated in
HPLC grade methanol (Fisher, Leicestershire, England). The wafers were kept in
a sealed vial containing methanol until they were used.

A Molecular Force Probe 3D system (MFP-3D, Asylum Research, Santa Bar-
bara, USA) was used to perform the force-pulling experiments. The microscope is
equipped with IgorPro 6.22A for data acquisition and analysis.
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The bare gold-coated cantilever was mounted on the SFM stage and both the
probe and the clean silicon substrate were covered with sterile and filtered ultra
pure water. The cantilever was engaged on the surface and its deflection sensitivity
and spring constant were determined as described on page 127. Once the cantilever
parameters were calibrated, 150 force distance curves were acquired. One this set
was finished, the same steps were repeated, and 150 curves were taken under Na+

2 mM, Na+ 20 mM, Ca2+ 1 mM and Ca2+ 10 mM. All of these solutions were
prepared and filtered on the day of the experiment.

The reason for doing this was that this experiment requires a meticulous control
of the cleanliness. Since the objective of this experiment was to detect single-
molecular interactions, the presence of foreign contaminants on the tip, the surface
or the imaging liquid, could obscure the DNA-silicon interactions or be mistaken
as one of them. The desired outcome of the force-distance curves between the bare
gold cantilever and the clean silicon surface was to see all of the adhesion peaks
presenting an unspecific interaction peak only. If multiple adhesion peaks had been
seen, this would have indicated that the system was contaminated, and that the tip
was probing the detachment of a molecular species. Unfortunately, contamination
was an important hurdle during this experiment, and thus, these careful control
tests were needed and repeated on many occasions until no contaminants were
seen. The distinction between specific and non-specific interactions can be seen in
Figure 5.16b.

Once the controls proved that only non-specific interactions were present, the
cantilever holder, along with the gold-coated tip, were removed from the micro-
scope head. A drop of the thiolated DNA (∼ 100 µL) was added to the cantilever
and left to bind for 2 minutes. After the time elapsed, the probe and cantilever
holder were carefully rinsed with water several times. The cantilever holder was
mounted again, and the probe and substrate were saturated with clean water.

The InvOLS and spring constant were determined again and their values recorded.
A set of 500 force-distance curves were then recorded under water. The majority
of the events appeared to have non-specific interactions only, but a few presented
specific interactions as well. This observation led to the conclusion that there
was at least one molecule of DNA that became immobilised near the apex of the
cantilever and that it was occasionally interacting with the substrate.

After the water set had finished, the tip and cantilever holder were carefully,
but profusely rinsed with fresh water. Then a drop of Na+ 2 mM was added to
the tip and substrate. The InvOLS and spring constant were determined again,
and 500 force-distance curves were recorded. This process was repeated again for
Na+ 20 mM, Ca2+ 1 mM and Ca2+ 10 mM (in that order).
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Figure 5.16: Typical areas in the retraction part of a force-distance curve. (a)
Distinction between linear and non-linear extension retraction peaks. (b) Dis-
tinction between specific and non-specific interactions. Image adapted from refer-
ence [348].
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Percentage of occurrence of multiple peaks

Scanning medium Percentage (%)

Water 8.4
Na+ 2 mM 19.2
Na+ 20 mM 22.0
Ca2+ 1 mM 9.6
Ca2+ 10 mM 19.0

Table 5.1: Percentage of occurrence of multiple peaks in a sample of 500 force-
distance curves, acquired under water and ionic solutions of diverse strength and
nature.

The force-distance curves were recorded between the DNA-functionalised can-
tilever and the clean silicon substrate at an approximate loading rate of 40,000
pN/s (spring constant ∼ 40 pN/nm, force distance = 500 nm, speed 0.99 µm/s)
under a variety of solutions. Only a percentage of a total of 500 force curves per
solution presented multiple (specific) adhesion peaks, the rest only presented the
main (unspecific) peak of adhesion. The percentage of curves that presented a
multiple peak is presented in Table 5.1. It is apparent that at higher ionic con-
centrations, the probability of finding a force-distance curve with a multiple peak
increases. It also seems that it is more likely to find a multiple peak under a
sodium solution than under a calcium solution. The lowest probability of finding
a multiple peak occurs under water.

5.6 SMFS results

Force-distance curves were acquired using the force mode of the SFM. A typical
specific force event is shown in Figure 5.17. The positions of the tip in relation to
the surface, as well as the behaviour of the cantilever and the molecule have been
represented here. Steps 1–3 represent the approach of the functionalised cantilever
to the surface. On contact with the surface, the force increases substantially due to
the repulsion forces exerted by the close contact on the cantilever with the surface.
Upon retraction, on step 4 the cantilever overcomes its attachment to the surface,
and in step 5 the molecule does as well. As the tip moves away from the surface,
the interaction between the molecule and the surface ceases and the conformation
of the molecule stops being dependent on its interaction with the surface.
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Figure 5.17: Typical force-distance curve, which includes the extension and
retraction parts. The retraction profile shows the main peak of adhesion, product
of the interaction between the tip and the surface, as well as a secondary peak
of adhesion, caused by the attachment of the DNA molecule to the surface. The
positions of the tip, DNA and surface have been indicated.

5.6.1 WLC fitting

The force-distance curves were analysed using the software PUNIAS (Protein un-
folding and nano-indentation analysis software, version 1.0, Beta version, directly
supplied by Dr Philippe Carl, author of the software [349]). The force data were
analysed using the WLC model, based on the following equation:

F = kBT

lp

(
1

4(1− x/L)2 − 1
4 + x

L

)
(5.9)

where F is the force, x the chain extension, lp the persistence length, L the contour
length, kB the Boltzmann constant and T the absolute temperature.

After the raw data were converted into force-distance curves, the rupture length
and force of every peak of adhesion was determined using PUNIAS (Examples in
Figures 5.18 and 5.19). The values were recorded and arranged into histograms,
which can be found in Figures 5.20-5.24.

A careful observation of all of the force-distance curves that presented specific
adhesion peaks, revealed interesting details about the nature of the interactions
between the DNA-tip and the surface. Firstly, not all the force experiments gave
rise to an interaction between the DNA molecule and the surface, a phenomenon
that suggests that the molecule had the freedom to acquire a conformation in
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Figure 5.18: Force curve of DNA attaching to silicon acquired under water. This
curve has been fitted using the WLC model (Equation 5.9).
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(a) Na+ 2 mM (b) Na+ 20 mM

(c) Ca2+ 1 mM (d) Ca2+ 10 mM

Figure 5.19: Force-distance curves of a thiolated DNA tip attaching to silicon
under a variety of electrolytes. These curves have been fitted using the WLC
model (Equation 5.9).
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which it was not directly located between the tip and the surface. Out of the
events that showed specific adhesion peaks, a variety of detachment profiles could
be appreciated. Under the same experimental conditions, the DNA detached in
a variety of ways and with an ample range of forces and extensions. Neither the
force nor the extension values conform to a Gaussian distribution and some graphs
give the impression of multimodality (Figure 5.23).

Despite the diversity of the data, some conclusions can be drawn when examin-
ing the measured force and extension parameters. From the force histograms it can
be appreciated that the most probable detachment force is in the range of 80-200
pN for water and the sodium solutions. The maximum detachment force found on
these experiments is around 800 pN for water and Na 2 mM, and somewhat lower
(500 pN) for Na 20 mM (Figures 5.20, 5.21, 5.22).

It can be appreciated that the maximum detachment force augmented con-
siderably when the experiments were performed under a calcium solution. The
experiments under Ca2+ 1 mM solution seem to have a bimodal behaviour, having
the most probable detachment forces around 240 pN and 700 pN. The maximum
detachment force occurred above 1.1 nN. For the case of Ca2+ 10 mM solution, the
most probable detachment force was around 100 pN, and no bimodal behaviour
was seen unlike the case of the more diluted calcium solution. The maximum
adhesion force was, however, larger than in any other instance, registering events
superior to 1.2 nN (Figures 5.23, 5.24).

The study of the extension forces is equally interesting. The extension values
of the peaks of detachment under water conform to a rather normal distribution,
being 30-50 nm, the most probable range of detachment lengths, and the maximum
70 nm. The sodium electrolytes gave rise to DNA extensions, with the maximum
probability of occurrence of ∼ 20 nm, and the maximum detachment extension at
around 100 nm for both solutions (Figures 5.20, 5.21, 5.22).

Calcium solutions presented a different behaviour. The extension forces in
calcium 1 mM showed bimodality, having the most probable extension force at
around 20 nm and the second most common at around 60 nm. The maximum
extension under these conditions was at 112 pN. Calcium 10 mM solution gave
rise to the longest extensions recorded, having a maximum value of 240 nm and
the most common value around 110 nm. Under Ca2+ 10 mM, the highest forces
and extensions were recorded (Figures 5.23, 5.24).
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Reflecting back to the nature of the used DNA strand, it was said that it
contained 2000 bp (§5.5.1). If each base pair has a length of 0.34 nm, it is expected
that the total length of the fragment (when completely stretched) is 680 nm. Since
the maximum detachment length is approximately 35% of the total DNA length,
it leads to the supposition that either the molecule was not anchored directly on
the apex of the cantilever, but further up, or that the molecule was coiled.

Figure 5.20: Histogram of force measurements in force-distance curves of a DNA
functionalised tip attaching to silicon. The histogram records the percentage of
events. Experiments taken under water.

Figures 5.25, 5.26 and 5.27 show scatter plots that relate the value of the
rupture force with the rupture length of each adhesion peak. It is possible to
appreciate that the data are similar for the experiments performed under water
and sodium solutions. There seems to be a greater degree of variability for the
experiments performed under calcium. In Figure 5.27 it can be seen that the
rupture events that took place under calcium solutions are different not only to
the ones measured under sodium, but also different between each other. Some of
the events in Ca2+ 1 mM occurred at higher forces for similar extension values
(compared to Na+ 2 mM and 20 mM). The events observed in the Ca2+ 10 mM
solution happened both at higher extensions and at higher forces, a phenomenon
which leads to the idea that the presence of calcium aids in the attachment of
DNA strands to silicon. This fact has been predicted by molecular simulations,
which will be described on the next section.
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Figure 5.21: Histogram of force measurements in force-distance curves of a DNA
functionalised tip attaching to silicon. The histogram records the percentage of
events. Experiments taken under Na+ 2 mM.

Figure 5.22: Histogram of force measurements in force-distance curves of a DNA
functionalised tip attaching to silicon. The histogram records the percentage of
events. Experiments taken under Na+ 20 mM.
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Figure 5.23: Histogram of force measurements in force-distance curves of a DNA
functionalised tip attaching to silicon. The histogram records the percentage of
events. Experiments taken under Ca2+ 1 mM.

Figure 5.24: Histogram of force measurements in force-distance curves of a DNA
functionalised tip attaching to silicon. The histogram records the percentage of
events. Experiments taken under Ca2+ 10 mM.
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Figure 5.25: Scatter plot that relates the extension versus force of unspecific
peaks of adhesion. Force-distance curves taken under water.

Figure 5.26: Scatter plot that relates the extension versus force of unspecific
peaks of adhesion. Force-distance curves taken under Na+ 2mM and Na+ 20 mM.
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Figure 5.27: Scatter plot that relates the extension versus force of unspecific
peaks of adhesion. Force-distance curves taken under Ca2+ 1 mM and Ca2+ 10
mM.

Data relationship with mathematical simulation models

These results are in good agreement with the mathematical simulations performed
by Dr Colin Freeman, of the Department of Materials Science and Engineering
at the University of Sheffield [11]. The mathematical simulations were aimed to
understand the mechanism in which negatively charged DNA interacts with a
negatively charged silica surface, and the influence of the surrounding solution on
this binding. It is known that the hydroxyl groups on the surface of silica surfaces
can form strong interactions with biomolecules, which will be highly dependent on
the presence of ions in solution [350].

Briefly, the simulation setup consisted on a randomly generated 13 bp dsDNA
which was made to interact with an amorphous silica cell of sub-nanometre dimen-
sions (8.0× 4.9× 4.0 nm3). The two surfaces were placed in a periodic simulation
box solvated by 1500 molecules of water and either 38 Na+ ions or 19 Ca2+ ions,
to ensure charge neutrality. The experiments were simulated at 297 K and pH 7
for 0.1 ns. The DNA molecule was placed approximately parallel to the surface at
different starting separations from the surface.

The simulations ran without DNA, show that there is an organised layer of
calcium cations formed above the silica surface, and the majority of them are
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lined up around 2.3 Å from the surface. Figure 5.28 shows a density profile for
the molecular dynamics simulations. This positively charged layer forms part of
a Stern or double layer (see §2.4 on page 31) that balances the charge from the
negatively charged silica. The interaction between the two surfaces was proved to
be completely dependent on the presence of the calcium ions, which generate a
potential well in which the DNA has its maximum interaction with the surface.

Figure 5.28: Number densities for calcium and silicon, without DNA. The x-axis
represents the atomic coordinate within the simulation box, covering an interval
of 16 Å. The z density gives an indication of where the atoms are present: if we
refer to the green line, it is possible to see where the oxygen atoms in the silica are
located. The red curve shows a narrow and ordered layer of calcium atoms above
the silicon surface. This is indicative that the calcium ions are located roughly at
the same separation above the surface. The features located on the right hand side
of this green line are above the surface. It is possible to see calcium ions before the
green line, but these are due to inhomogeneities of the surface and can be largely
ignored. Image plotted and calculated by Dr Colin Freeman [11].

The model gives different outputs depending on the initial position of the DNA
molecule. When this is placed at distances between 32–36 Å from the silicon
surface, the oligonucleotide quickly moves to a separation of ∼ 36 Å. If, on the
other hand, the DNA is placed further away (∼ 41 Å), the molecule drifts away.
This suggests that there is an optimal distance of interaction between the DNA
and the surface, and that at longer separations no major forces are felt by the
DNA. This is because the calcium ions act as a bridge between the oxygen atoms
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on the silica surface and the oxygen atoms on the phosphate groups of the DNA
(Figure 5.29). These oxygen atoms will be embedded within the first or second
water shells of the ordered layer of calcium ions.

Figure 5.29: Ca2+ ion as a bridge between the oxygen atoms in the silica and
the oxygen atoms in the phosphate groups of the DNA. Image generated by a
computer simulation run by Dr Colin Freeman [11].

Figure 5.30 shows that there is a significant energy barrier (∼ 2000 kJ/mol)
at some point near the silicon surface. When the DNA molecule approaches the
silicon, it has to undergo a considerable rearrangement to maximise its interactions
with the calcium. Until this optimal configuration is achieved, the cationic layer
is being disrupted and the system is in a high energy state.

It is also noteworthy the fact that the DNA has very little enthalpic gain from
its association with the silicon surface. In Figure 5.30 it can be seen that the
energy of the bound DNA is very similar to the energy of a DNA molecule located
far from the surface.
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Figure 5.30: Energy configurations for DNA molecules located at different sepa-
ration distances from the silicon surface. Simulations run in presence of Ca2+ ions.
Image plotted and calculated by Dr Colin Freeman [11].

The influence that Na+ has on the system is substantially different to the
effect of Ca2+. For instance, unless the DNA molecule is located very near the
surface in the initial simulation parameters (∼ 32 Å), the molecule will invariably
drift away, an observation that implies that the molecule does not feel long range
interactions under these conditions. As Figure 5.31 reveals, the sodium ions do not
form ordered layers above the silica surface. It is clear that the monovalent nature
of Na+ reduces the strength of the electrostatic interactions with the surface. As a
result of this, when the experiment is run in the presence of Na+ instead of Ca2+,
there is no potential well near the surface: effectively, the sodium is not aiding the
adhesion of the DNA to the silicon surface. The sodium ions form considerably
less O (DNA)– Na+ –O (Silica) bridges, and when formed, these bridges are short
lived. Direct interactions between the silicon atoms on the silica and the oxygen
atoms on the phosphate groups of DNA were seen instead (Figure 5.32).

Figure 5.33 shows the energy profile of DNA molecules separated from the
silicon surface by different lengths. When the oligonucleotide is far from the surface
the simulation predicts a plateau on the energy measurements, and that as it
gets closer to the surface, an energy barrier emerges. This barrier arises from
the disruption of cation-surface interactions and the rearrangement of the DNA
molecule to maximise its interaction with the cations. Note that this barrier is
not as high as in the case of Ca2+, an effect due to the fact that the sodium
Stern layer is less structured. Close to the surface it is possible to find a stable
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Figure 5.31: Number densities for sodium ions and siloxane oxygens, in the
absence of DNA. The oxygen atoms on the silica surface are represented by the
green line. The features to the right of this green line represent formations above
the silica surface. It is possible to see a broad and disordered layer of sodium atoms
(red line). The features to the right of the green line are due to inhomogeneities
in the silica surface, and can be largely ignored. Image plotted and calculated by
Dr Colin Freeman [11].
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(a) Na+ simulation (b) Na+ bridge

Figure 5.32: Molecular dynamics simulation run in the presence of Na+. Figure
5.32a represents the molecule of DNA located close to the surface. Under these
conditions O-Na-O bridges are less common than in the Ca2+ system, and direct
interactions are favoured. Figure 5.32b shows a direct interaction between an
oxygen atom on DNA and a silicon atom on the silica. Image generated by a
computer simulation run by Dr Colin Freeman [11].

Ana Lorena Morales-García



On the Adhesion Forces of Bacterial Membranes and Derivatives 242

configuration. Unlike in Figure 5.30, the DNA-silicon interaction in the presence
of Na+ is energetically favourable and there is some enthalpy gain of about 800
kJ, which is indicated by the arrows in Figure 5.33.

Figure 5.33: Energy configurations for DNA molecules located at different sepa-
ration distances from the silicon surface. Simulations run in presence of Na+ ions.
Image plotted and calculated by Dr Colin Freeman [11].

In summary, the simulations performed on the silicon/DNA/solvent system
suggest that when the DNA is in the sodium solution, the DNA will preferentially
bind to the surface, instead of remaining in solution, provided the molecule is
very close to the substrate. In the calcium solution, however, the DNA shows no
preference for the surface, a phenomenon due to the large adhesion barrier caused
by the ordered Stern layer that the Ca2+ ions form. The energy barrier, works both
ways, so more energy will be required to remove the DNA molecule from the surface
when in a Ca2+ solution. The prediction made by this mathematical seems to be in
agreement with SFM experimental data, where it was found that the detachment
force of DNA molecules under calcium solutions gave rise to detachment peaks
with higher forces.

Other WLC model findings

Both the FJC and the WLC models were used in an attempt to model the retrac-
tion peaks, but the former did non mimic the retraction profiles at all (Data not
shown), and thus all attempts to use the FJC model were abandoned.
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The WLC model, on the other hand, was able to model the retraction peaks
appropriately (as seen in Figures 5.18 and 5.19), and hence it was decided to
use WLC fits for the all the specific detachment peaks encountered under all the
experimental conditions.

The contour lengths calculated by the program PUNIAS for the SFM experi-
ments conducted under water and the ionic solutions have been computed in the
histograms presented in Figure 5.34. The contour lengths were found to be in most
cases only slightly larger than the rupture extensions. The persistence lengths ap-
peared to be underestimated by the model, as the values obtained from the curves
that were able to be fitted were 1.09± 2.05 nm (n = 49) for water, 2.36± 4.54 nm
(n = 74) for Na+ 2 mM, 0.13 ± 0.20 nm (n = 114) for Na+ 20 mM, 0.39 ± 0.20
nm (n = 21) for Ca2+ 1 mM and 0.14 ± 0.29 nm (n = 80) for Ca2+ 10 mM.
These results are neither with agreement with the values of ∼ 50 nm found in the
literature or the claims of many authors that the persistence length increases with
ionic strength.

If the WLC model is indeed the best choice to model the acquired data, then it
is perhaps needed to fix, in the WLC model equation, a number of parameters with
a reasonable estimate, in order to get closer to the value of the other variables.
Similarly, the reason why the WLC model might not be fitting the data adequately
might be due to the influence of neighbouring DNA chains that occasionally have
also access to the surface. The effect of the adhesion of several polymeric chains to
the surface could complicate the panorama and make the data analysis difficult.
Zhang et al. [351] recommends to normalise the force profiles and seek to overlap
the force-distance curves of all events; if this can be achieved, then the observed
interactions are the product of only one chain, and the data can be fitted to the
WLC model. More effort needs to be put in this respect to elucidate the nature
of the system that is being studied.

Notwithstanding these results, it is important to remember that the experi-
ments presented in this chapter differ considerably from the experiments of DNA
extension reported in the literature. In these approaches, a DNA strand is fixed
covalently to two surfaces and stretched with a controlled force. On the other
hand, in the experiments shown in the present chapter, the interaction between
the DNA molecule and the surface is feeble and only appears in selected data
points. This experimental setup would not allow a study of true DNA extension
because the molecule would detach before it has started to stretch. Therefore it
would be unreasonable to compare the data produced by these experiments with
the elasticity data that are obtained through optical and magnetic tweezers or
other SFM systems.
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(a) Na+ 2 mM (b) Na+ 20 mM

(c) Ca2+ 1 mM (d) Ca2+ 10 mM

(e) Water

Figure 5.34: Histograms of contour lengths of unspecific adhesion events, taken
in a variety of solvents. The histograms record the number of events.
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5.6.2 Force-distance curve analysis

As was mentioned earlier in this chapter, not all of the force-distance curves ac-
quired in each set (i.e. under a particular solvent) presented specific adhesion
peaks. A considerable majority showed only tip-substrate interactions, charac-
terised by a large and homogeneous peak of adhesion in the retraction curve, as
shown in Figure 5.16b. The rest of the curves showed specific peaks of adhesion
that were considered to have come from direct interactions between the grafted
DNA molecule and the silicon surface, an interaction aided in some cases by the
positive charges in solution.

A variety of specific adhesion peaks in the force-distance curves was found
during the course of these experiments. Each peak represents a pulling event
in which the DNA molecule is being extended until the strain is relieved and
the molecule breaks free from the surface. This peaks correspond to non-linear
extension events as seen in Figure 5.16a.

These specific events did not conform to any specific pattern and appeared ran-
domly throughout the data set, but often clustered together in consecutive force-
pulling events, suggesting that the molecule remained sometimes in the vicinity of
the surface for a given amount of time, before changing conformation and ceasing
its interaction with the silicon.

There was a variety of specific peaks of adhesion on the force-distance curves
(Table 5.2), suggesting that the probing molecule was interacting with the surface
in diverse conformations, which presented a different number of contact points with
the surface. In Figures 5.35 and 5.36 the principal types of these force-distance
curve profiles can be seen. Figure 5.35a shows a shoulder attached to the main peak
of adhesion, suggesting that the majority of the interaction that is taking place is
between the apex of the tip and the surface, and that the anchored molecule is
only playing a minor role in the adhesion profile as shown in Figure 5.35b. This
configuration was most commonly seen under Ca2+ 1 mM. Figure 5.35c shows
a plateau conformation, which was a common profile to be obtained, especially
for the interaction in Ca2+ 10 mM. A plateau profile suggests that the molecule
is interacting through many neighbouring binding sites, and that the molecule
is effectively being peeled off upon retraction of the cantilever. Plateau profiles
are common for polyelectrolytes, since there are many ionic bonds between the
charged entities on the molecule and the surface [352]. Other discrete multiple-
adhesion peaks were detected, like the one shown in Figure 5.36a. This profile
suggests that the molecule was coiled, and only certain points of the molecule
were interacting with the surface, as portrayed in Figure 5.36b. This configuration
was most commonly seen under Na+ 20 mM.
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(a) Shoulder on main peak (b) Molecule conformation

(c) Plateau (d) Molecule conformation

Figure 5.35: Types of force-distance retraction curves and possible conformations
that the molecules acquire to produce them
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(a) Multiple peaks (b) Molecule conformation

Figure 5.36: Types of force-distance retraction curves and possible conformations
that the molecules acquire to produce them

Polymers can have strong interactions with surfaces; even if the adhesion force
between individual monomers is low, once one has attached there is an increased
probability that other monomers will adhere too. There might be an enthalpy
gain for the polymer if it adsorbs to the surface, which could counterbalance the
entropy loss, which arises as a product of the extension of the chain. It is not
possible to control the amount of monomers that adhere to a surface and thus,
the measured adhesion force is the product of the adhesion of a large part of the
chain. Some chains will adhere more than others, as in the case of the plateau
(Figure 5.35b), where there are more contact points between the DNA molecule
and the silicon surface. Other chains will adhere less and will have discrete points
of contact between the polymer and the substrate. These points will be separated
by a few nm, a value that will be related to the flexibility of the polymer. For the
case of the multiple detachment events (Figure 5.36), the inter-peak separation
was of variable magnitude, a fact that revealed that the loops were formed by a
different number of monomers after every approach [353].
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Medium Type of interaction Percentage

Water Shoulder 12.5%
Multiple 69.6%
Plateau 17.9%

Na+ 2 mM Shoulder 10.7%
Multiple 78.7%
Plateau 10.7%

Na+ 20 mM Shoulder 1.7%
Multiple 84.9%
Plateau 13.4%

Ca2+ 1 mM Shoulder 72.5%
Multiple 25.0%
Plateau 2.5%

Ca2+ 10 mM Shoulder 13.0%
Multiple 32.5%
Plateau 54.5%

Table 5.2: Percentage of occurrence of the distinct types of retraction profiles.
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5.7 Concluding remarks

Single-molecule force spectroscopy has proven to be a powerful tool to understand
the mechanics of polymeric molecules as well as their attachment properties. SMFS
has given insight into the relationship between the force and extension in macro-
molecules, as well as the nature of folding and unfolding processes in biomolecules.

Single-molecule force spectroscopy experiments constitute a convenient exercise
to understand the behaviour of one or few molecules. Traditionally, the majority of
the efforts in the biophysics field have concentrated on understanding DNA bend-
ing and stretching properties using single-molecule approaches. This information
is paramount in genetic studies: in prokaryotic organisms, the molecule of DNA
is several orders of magnitude larger than the cell, and is tightly packed inside the
bacterium through a process known as “supercoiling”. The DNA is twisted and ex-
periences sharp bends due to the combined action of a group of proteins, like DNA
topoisomerase I and DNA gyrase. Thus, the understanding of the mechanical re-
sponse upon bending of this stiff polymer has naturally attracted the attention of
polymer physicists. Furthermore, some processes such as DNA replication require
this molecule to be stretched [354] and thus the knowledge of its elastic behaviour
is key for genetic studies.

However, there is another aspect of DNA that remains poorly studied and this
is its role as an adhesive polymer. It has been observed that certain strains of
bacteria, like Pseudomonas Pse1, depend on the presence of eDNA to attach to
surfaces [11]. Consequently, the study of the adhesion of DNA by itself might shed
light into the role that this polymer plays on bacterial adhesion. SMFS hold the
key to the behaviour of single molecules of DNA in close contact with surfaces.

The aim of the work presented in this chapter was to better understand how
DNA interacts with silica surfaces under different ionic conditions using SMFS,
and to relate the force spectroscopy findings to predictions made by molecular
modelling.

It is evident that the ionic strength of the medium plays a very important role
in the adhesive behaviour of single molecules of DNA. This effect was seen not only
in the magnitude of the adhesive forces, but also on the shape of the retraction
curves on the force-distance curves (see Table 5.2). Whereas the experiments
obtained under water and sodium solutions displayed multiple adhesion peaks upon
retraction, the calcium solutions prompted the molecule to behave in a different
way. Under Ca2+ 1 mM there was a prevalence of “shoulder” events, a fact that
was attributed to the conformation in which the molecule was approaching the
surface. In such conformation, the majority of the DNA strand was pointing away
from the surface, and the tip established most of the contact with the silicon wafer,
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as illustrated in Figure 5.35b. The Ca2+ 10 mM solution, on the other hand, gave
rise primarily to plateau interactions, profile that was attributed to a conformation
in which a flat and large part of the DNA molecule was interacting with the surface
and was “peeled off” during retraction, as shown in Figure 5.35d. The Ca2+ 10
mM solution also presented a large proportion of multiple adhesion peaks.

The profile on the force-distance curves was reflected on the extension data.
Shoulder and multiple peak-type events gave rise to short extension forces whilst
plateau events gave much longer extensions. It was hypothesised that in plateaux,
the surface was interacting with the DNA along the length of the molecule and that
many adhesion contact points were present. This substantial interaction between
the two entities could have been mediated by the calcium ions. It is believed that
the differential behaviour of DNA in sodium and calcium solutions is due to a
conformational effect.

The interaction of a model DNA strand with a surface was calculated using
molecular modelling techniques. Basically, what these analyses predicted was that
DNA would have a higher level of interaction with silica under a calcium ionic
solution, since the divalent nature of the ions would help to bridge the negative
centres on the DNA with the negative centres on the silicon substrate (see Figure
5.29). It was predicted that the ions would form an ordered layer above the silicon
surface, and thus the approach of the DNA molecule would disrupt this order
(see Figure 5.28). This disruption seems to generate a high energy barrier for
the adhesion of DNA (Figure 5.30). But, since the energy barrier works both
ways, it would also prevent the desorption. As a consequence of this, DNA in the
presence of calcium solutions tends to adhere strongly to the surface. This effect
was corroborated by looking at the detachment forces under calcium solutions.
Particularly in the case of Ca2+ 1 mM, high detachment forces were seen (Figure
5.27).

On the other hand, sodium 2 and 20 mM solutions did not seem to have a
particularly different effect from doing the experiments under water, as similar
force profiles, extensions and detachment force values were found under the three
conditions. This was again, predicted by the molecular simulations in which it was
discovered that sodium, being a monovalent ion did not help bridging the atoms
of DNA and the surface. The negative phosphate groups on DNA, in the absence
of divalent ions, seem to bind directly to the positive silicon ions on the substrate
(Figure 5.32b). This interaction is not very strong and consequently the DNA
molecules obtain only a little enthalpic gain from their association to the surface
(see Figure 5.33). All in all, the comparison between data obtained using SMFS
and the predictions made using molecular modelling is an exciting contribution
to the field and seeking links between theory and practice should be pursued in
future biophysical endeavours.
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5.7.1 Future work in SMFS

Enhance repeatability

Single-molecule events are characterised by the presence of secondary peaks of
adhesion (see Figure 5.16), so it is expected than when the probe has not been
functionalised (i.e. gold coated probe), no secondary peaks will be seen. In order
to prove that, control experiments were performed before the DNA functionalisa-
tion of the probe takes place. The curves generated by the control experiments
should only present the non-specific peak of adhesion. Once the experimenter has
ascertained that the probe is free of any contaminant, then the SMFS experiment
can begin. This type of experiment is extremely challenging to perform, since it
requires absolute cleanliness to avoid interaction from unwanted substances. This,
in practice, is very difficult to attain and consequently it becomes complicated to
perform the experiment repeatedly. So even though the experiment was repeated
500 times under each condition, all the force curves were taken using only one
cantilever. Notwithstanding these limitations, it would be desirable to repeat this
experiment using a greater number of probes.

Make better use of the WLC model

As stated in the introduction, polymer models are useful to describe DNA bending
fluctuations. The double-helix persistence length is usually quoted as 50 nm,
whereas each base pair has a length of 0.34 nm and the contour length is around
1000 nm for 3000 base pairs. DNA in physiological conditions is a semi-flexible
polymer. Since there are only three base pairs per nanometre of contour length,
a free molecule of DNA in solution bends in a way in which its local tangent
re-orients every 150 base pairs. However, if tension is applied, the molecule will
re-orient in the direction of this tension, even at very low forces. The WLC model
has been applied to describe the stretching of a DNA molecule in the 0.1-20 pN
range. At higher forces, the double-helix undergoes overstretching [355].

There are plenty of publications (e.g. [343,356]) in which the application of the
WLC model to the modelling of DNA bending and stretching have been described.
However, there is surprisingly very little in the literature referring to the use of the
WLC model to describe DNA attachment to surfaces. There is plenty of evidence
that the WLC model is useful in the understanding of force-pulling events of single
molecules (e.g. adhesion of single poly(N,N-dimethylacrylamide) chains by [352])
but so far this model has not been applied to describe the force pulling events
of single DNA molecules on surfaces. Thus, it became interesting to apply this
commonly used model in polymer physics to fit the generated force-distance curves.
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It is evident that, for the set of experiments presented in this chapter, the
outcome of the WLC fitting is a fallacy since the persistence lengths are nonsen-
sical. Other authors have reported that the expected persistence length of DNA
is around 50 nm in conditions of low salinity. This value is in accordance with the
fact that DNA is an incredibly stiff molecule due to its double helix structure. The
persistence lengths obtained in the present analysis are smaller than the length
of a single base pair, and thus it is not credible that the molecule can bend at
that length scale. A proposed way to improve the quality of the WLC analysis,
would be to fix the value of the persistence length to a reasonable number (e.g
50 nm) and derive the rest of the parameters, like molecule extension, from this
assumption.

In general, it is the opinion of the author that the field of polymer physics has
much to offer to the study of the adhesion of single molecules, and despite the
failure of the WLC model to describe the data in the conditions presented in this
thesis, more effort should be put to understand how the equations and the model
can be used to describe the data.
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6
Conclusions

What is the relevance of the study of bacterial
adhesion?

In most natural environments, the prevailing way of life for microbes it is to be
attached to a surface in the form of biofilms. These conglomerates are far from
static, as they are highly dynamic communities of organisms firmly anchored to
surfaces and encased in a polymeric matrix that gives them enhanced protection
against environmental threats. Microbes that belong to a biofilm are considerably
more resistant to starvation and are better protected against antibiotics. Since
many biofilm-driven illnesses are lethal to the human being, it is in our best interest
to gather sufficient data to understand the mechanisms of bacterial adhesion. The
assembly of bacteria inside our body is often one of the first steps in the infection
process. Nowadays, as the threat of antibiotic resistance is impending, [357] it is
vital to gather as much information as possible about the diverse mechanisms of
bacterial attachment and devise mechanisms to tackle colonisation of pathogenic
bacteria inside our body.

The relationship of bacteria and humans is not always pernicious. Through a
deep understanding of bacterial biochemical pathways and clever engineering, it is
possible to exploit their metabolism and use them for our benefit. Some strains of
bacteria are an integral part in bioremediation systems, due to their capacity to
degrade xenobiotic substances. Often, a careful control of their surface properties
enhances their bioremediation capabilities.

Biofilm formation is a phenomenon that is interesting both from the physics
and biology point of view. The initial approach of a microorganism to a surface
can be understood in terms of the DLVO model of bacterial adhesion, and the
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concepts used to study the behaviour of colloidal solutions can be extrapolated
to the study of living organisms. In this junction lies the setting of the present
thesis: an understanding of bacterial adhesion from the physics point of view. The
main goal of this thesis was to gather more information about the mechanisms of
bacterial adhesion, studying the bacterial membrane by means of scanning force
microscopy. To gather what was thought to be contrasting information, two very
different bacteria were selected for this study: the Gram-negative Pseudomonas
(strains 1 and 2) and the Gram positive Rhodococcus sp. (strains Rc92 and Rc291).

Rhodococci are thought to be hydrophobic organisms, by means of their cover-
age by mycolic acids, which possess long carbonated chains. This hydrophobicity
is manifested through large contact angles with water, and is translated as the
microbes’ capacity to adhere to hydrophobic surfaces and to degrade oil and other
hydrophobic pollutants. The rhodococci studied in this thesis were found in a
contaminated gasworks site, where plenty of oil-derived hydrophobic nutrients are
available. Rhodococci are equipped with a fine chemical armamentarium that
allows them to degrade a wide variety of substances, an evolutionary advantage
that makes them ideal candidates for bioremediation. The understanding of their
attachment must be expanded to make the best use of these bacteria.

Pseudomonads have been the subject of many studies due to the medical im-
portance of P. aeruginosa, a pathogenic organism that affects patients suffering
from cystic fibrosis. Other Pseudomonas strains are less pernicious and have also
been used in bioremediation. The strains of Pseudomonas used in these thesis
were found in a phenol contaminated aquifer, a demonstration of their remarkable
nutritional versatility. Pseudomonas has been used in bioremediation and in other
chemical processes, such as plastic production and biocatalysis.

Given the environmental importance of the selected strains and the need to
understand the basic mechanisms of bacterial adhesion, it was considered relevant
to assess the heterogeneity of adhesive forces throughout the bacterial cell wall
using scanning force microscopy.

How can the bacterial cell surface be studied?

The SFM has proven to be a key element in the development of biophysics as a
whole, since it is capable of studying biological samples in physiological conditions.
Not only is it capable of obtaining images of microscopic entities, but also excels
at extracting mechanical information about the samples. One of the parameters
that can be measured using the SFM is the adhesion forces between the probe and
the surface of the bacteria.
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Conventional SFM experiments make use of silicon or silicon nitride cantilevers,
which are adequate to sense the surface and produce high quality images in air or in
media. The use of silicon cantilevers for adhesion measurements might have some
drawbacks, since the silicon surface might not be chemically consistent through
a number of batches. To overcome this hurdle and to gather more meaningful
adhesion data, a variant of SFM, chemical force microscopy, has been devised.
This technique uses chemically functionalised cantilevers to favour the preferential
interaction with a particular component or region of the cell surface. To this end,
silicon nitride cantilevers were coated with a thin layer of gold, which acted as a
support for a self-assembled monolayer. This SAM consisted of long-chained thiol
molecules: DDT which bore a methyl group in the non-thiolated end and MUA,
with an acid functionality in the non-thiolated end. These groups conferred the
tips a hydrophobic and a hydrophilic character, respectively. These two function-
alised cantilevers, along with Au-coated and simple silicon nitride ones, were used
in spatially resolved force spectroscopy experiments. The microscope was driven
in the force-volume mode, which correlates the bacterial topography with the mea-
surement of the adhesion forces. The generated maps are a visual representation
of the distribution of forces throughout the bacterial cell and they are aimed at
analysing the heterogeneity of forces on a particular bacterial cell. A secondary
output of these maps is a collection of force-distance curves, which are analysed
statistically, and their results used to compare the overall adhesion forces between
bacteria belonging to different genera and species, as well as differences that arise
from the use of different cantilevers.

Before the final conclusions of these experiments are presented it is important
to consider other experimental aspects of this project, to present an integral picture
of the whole process.

How are the cells grown to ensure repeatability?

The first step in the development of this project was the growth of the bacterial
samples. The cells were preserved in glycerol stocks and plated onto a solid agar
medium every month. This step diminished the chances of bacterial mutation
and ensured that the cells were viable for further growth protocols. The cells were
then cultured in a liquid medium, namely AB10, supplemented with glucose 2 mM.
AB10 was selected for being a chemically defined minimal medium (i.e. a medium
in which all the chemical components are known and that contains only minimal
requirements for bacterial growth); knowing the exact chemical composition of
the medium reduced the possibilities of variability between batches. The bacteria
were grown at 20 ◦C ; this low temperature was selected in order to mimic the
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conditions of growth of the bacteria in their natural environments. The growth
medium selection, coupled to the low temperature of incubation, made the bacteria
grow in low numbers and reach their stationary phase after an extended period of
time.

The bacteria were grown in a three step protocol, which was detailed in §3.3.1.
The protocol was repeated for every experiment, and although long and time-
consuming, it ensured that the bacteria were in the same state before SFM scan-
ning, reducing the number of variables that need to be taken into account while
studying their heterogeneity. The control over the growth parameters is very
relevant, since it has been proven that bacteria change their physicochemical char-
acteristics in response to changes in the medium composition, time of growth and
culture conditions, among other factors.

How can cells be immobilised for SFM studies?

One of the pre-requisites for bacterial imaging and force-experiments is that the
organisms ought to be firmly immobilised onto a flat support. This is easily achiev-
able when the pictures are taken in air, but can be very challenging if the measure-
ments are to be taken under a liquid medium. The literature is rich in methodolo-
gies for the attachment of bacterial cells for SFM imaging. These methodologies
encompass adhesion via electrostatic interactions, hydrophobic forces, covalent
bonds and polyphenolic proteins. These methods appear to be excellent for a
particular strain under given conditions, but it is apparent that they lack univer-
sality. This is only logical, as bacterial membranes are highly diverse and their
attachment is closely linked to the environmental conditions.

Chapter 3 gave an ample review of the common strategies that scientists use
to immobilise bacteria to surfaces for SFM experiments. Broadly, the main ap-
proaches for cell attachment can be divided into mechanical entrapment into the
pores of polycarbonate membranes, the use of polycationic surfaces to adhere neg-
atively charged cells, the use of hydrophobic surfaces to instigate the attachment
of hydrophobic organisms, the formation of covalent bonds to link bacteria to
substrates, and the use of polyphenolic proteins to condition surfaces in order to
promote cell attachment.

Hydrophobic and electrostatic interactions proved to be reasonably good op-
tions for the attachment of the studied strains. Both methods yielded good images
in air, and occasionally produced cells that withstood the lateral forces of the SFM
tip under liquid, however, these methods were not optimal when working under a
liquid medium.
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The use of polycarbonate membranes did not have very positive results in the
immobilisation of Pseudomonas and Rhodococcus since both of these genera consist
of rod-shaped cells, and the majority of the pores on polycarbonate membranes
can only fit spherical-shaped cells. Undoubtedly, mechanical trapping is the way
forward to analyse bacterial cells with the SFM, since is the least invasive protocol
to anchor cells, as it does not modify the chemistry of the bacterial surface in
any manner. More effort should be made in designing ways to make the pores of
membranes coalesce into rod-shaped holes or engineer grids that can accommodate
bacteria. For the time being, these approaches were not available during the
course of the experimental work that led to this thesis and thus, other methods of
immobilisation were sought.

The use of Cell-Tak®, a mixture of polyphenolic proteins produced by the
marine mussel Mytilus edulis was thought to be the best method to condition the
surface and strongly adhere the bacteria to it. It was, however, the worst method
attempted to immobilise the studied strains. Despite the literature reports [166]
of the applicability of this substance to a wide variety of bacterial cells, it was not
found useful for these particular bacteria and imaging conditions.

Immobilisation using polystyrene Petri dishes and polycationic coated surfaces
might have been unsuccessful in yielding a high number of cells that withstood
scanning in liquid medium, but had very favourable outcomes in other respects.
The firm immobilisation under ambient conditions (i.e. air) produced high res-
olution images of the bacterial membranes, in which details of their membranes
were revealed. Bacteria, like the one shown in Figure 3.34 on page 105 shows a
breadth of surface features, EPS and appendages. Furthermore, pictures like this
show the first stages of biofilm formation and give an insight into the way in which
suspended bacteria approach a surface, condition it and colonise it, setting the
foundations of a biofilm.

The methodology developed by Professor Terri Camesano’s group for the im-
mobilisation of bacterial cells through covalent bonds (EDC/NHS/APTES) proved
to be the best solution to fix the bacterial cells on the present thesis. Covalent
fixing allowed the acquisition of high resolution images of Pse1, Pse2, Rc92 and
Rc291 under physiological conditions. This milestone was reached after many ex-
perimental attempts and opened up the possibilities to further force experiments.
Using this immobilisation approach it was also possible to record a high number
of force maps per experiment. A typical SFM experimental session lasted eight
hours, and it was possible to find immobilised cells all throughout the course of
the experiment. Often, more than 20 force maps were recorded in each session,
normally two of them per cell, meaning that each bacterium was interacting with
the tip for about 40 minutes. Therefore, a firm cell immobilisation was key to the
development of these experiments.
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The covalent linkage methodology involved the coating of silicon wafers with
APTES. These substrates were prepared every two weeks to diminish the possibil-
ity of contamination or surface degeneration. These substrates were characterised
using contact angle measurements and ellipsometry. Once the substrates were
ready, the bacterial cells were prepared for the covalent crosslinking by mixing
them with EDC and NHS and incubating them for 20 minutes. After this time
lapsed, the acid groups on the bacterial surfaces were activated (as shown in Figure
3.14) and were put in contact with the aminated surface for 6 h. After this time,
the samples were ready for SFM scanning.

It has been discussed [257] that this method of immobilisation does not affect
the surface of the bacterial cells, since the activated acid groups, when they are
unable to interact with amine groups, revert back to their original form. The
creators of this immobilisation method [167] claim that it does not affect the
viability of the cells and that it does not interfere with the cells’ biochemical
reactions. In this thesis it was found that the viability of these cells is affected to
some extent, and that the more time the cells are in contact with the crosslinkers,
the higher the chances they will die. Nonetheless, it was found that a proportion of
the cells were alive after the treatment. A way of knowing if a particular cell that
is being scanned with the SFM is alive or not, would be by coupling the scanning
force microscope with a fluorescent microscope, and using differential dyes for live
and dead cells.

What were the findings of the cell mapping ex-
periments?

Spatially resolved force measurements were acquired on Rhodococcus Rc92 and
Rc291 and Pseudomonas Pse1 and Pse2 using silicon nitride, gold, DDT and MUA
coated tips. Each one of these sixteen types of experiments involved the scanning
of several cells per sample.

The cell area of the force-volume map was extracted using an iterative mask,
a way of selecting only the force points on top of the bacterial cell surface. These
force points, often more than a hundred per cell, were analysed statistically, and
plotted into histograms.

The histograms turned out to be highly skewed, thus being impossible to fit
them to single Gaussian functions. Several normalisation approaches were at-
tempted, to no avail. The data were transformed using logarithms and fitted to
a number of Gaussian functions using finite mixture models, an approach that
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was able to model the data appropriately. The majority of the force-volume maps
were fitted with two curves and the distribution of forces was similar in most cases
(e.g. Figures 4.58, 4.59, 4.60, 4.61). The fits showed that the majority of the force
events fell into the first Gaussian curve, which had a lower adhesion force and
whose data dispersion was narrower. The minority of the data fell into the second
curve, which modelled the data at higher forces. This evidently shows heterogene-
ity of the adhesion measurements on a cell wall. The areas of high adhesion are
often clustered in regions that span through many pixels, forming a domain with
a size of around 100 nm. There was no evident difference in the distribution of
these domains of high adhesion when the cells were probed with each one of the
four cantilevers.

The analysis of the median values of the adhesion forces of the four bacterial
strains, as measured by the four cantilevers, revealed little differences between the
experiments. All the analysis revealed a similar degree of heterogeneity in the
force measurements, and the differences in the data within a particular experi-
ments were often greater then the differences with other strain or species. Highly
heterogeneous microbial adhesion data is nothing unheard of. Other authors have
reported skewed data that does not conform to normal distributions.

Pse1 had a very similar value of adhesion when probed by the four cantilevers
(∼ 15 pN). Pse2, on the other hand, showed a marked preference to gold (∼ 36
pN), and was less likely to have high interaction forces with the MUA tip (∼ 12
pN). The same trend was observed by Rc92 (∼ 37 pN with Au and ∼ 12 pN
with MUA). The preference for these cells for the gold surface could potentially
be attributed to mirror charges induced onto the gold probe by the negatively
charged bacterial cells.

Rc291, although considered to be the most hydrophobic of the studied bacte-
rial strains (as determined by its MATH score), showed no statistical difference
when probed by Au, DDT and MUA cantilevers (all around 25 pN). This strain
only shows low adhesion with the silicon nitride cantilever (∼ 14 pN). Analogous
data sets have been obtained by other authors [87], who report roughly similar
adhesion values between hydrophobic and hydrophilic strains and probes (Table
4.2). Furthermore, confidence in the validity of the results presented on this the-
sis arises from the observation of the control experiments, between functionalised
cantilevers and bare or functionalised surfaces. Such control trials proved that the
tips used were indeed capable of recognising surfaces of varying chemistry.

From the observation of these values it can be concluded that the heterogeneity
between bacterial cells belonging to the same sample is often greater than the
differences between strains, species or experimental conditions. A comprehensive
list of the possible reasons for this heterogeneity was presented in §4.6.
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What was learnt from the DNA adhesion studies?

The study of Pseudomonas was also centred in the extra-cellular polymeric sub-
stances that they produce. It has been proven that eDNA is involved in the biofilm
formation process of several Pseudomonas species but the way this polymer en-
hances bacterial adhesion remains poorly understood. Hence it was considered
relevant to study the adhesion of DNA to surfaces. Many elegant techniques have
been devised to study the behaviour of single polymer molecules when stretched
or adhered to surfaces. Among them, the use of optical and magnetic tweezers,
as well as the SFM were reviewed. Force spectroscopy has been used to study a
variety of polymers, including DNA. All the experiments that were found in the
literature, using either tweezers or SFM, have the molecule firmly anchored to two
surfaces, and its extension is measured in terms of the applied force and loading
rate. Very little information was found about the measurement of the detachment
forces of DNA from solid surfaces.

In the experiment that we devised, a very diluted solution of thiolated DNA was
put in contact with a gold surface. A low concentration was needed in order to ob-
tain single molecule stretching, a condition that would suppress lateral interactions
between neighbouring DNA chains, since this entanglement could complicate the
system. A small number of these chains were chemisorbed onto the SFM cantilever,
by virtue of the low concentration and the low adsorption time. The adsorption
of the DNA onto the cantilever modified its behaviour during force-pulling exper-
iments: before the tip was functionalised only unspecific adhesion events could be
seen, whereas after the functionalisation, a proportion of the events showed spe-
cific adhesion events as well. This is indicative that the DNA molecule was in the
region between the apex of the tip and the substrate, and that upon retraction of
the tip the molecule had a bonding interaction with the surface. The surface was
a silicon wafer (with a native top layer of SiO2, which has a negatively charged
surface by virtue of the oxygen atoms on the surface). DNA is a negatively charged
polymer due to the oxygen atoms on the phosphate groups.

The frequency in which the specific interactions were seen increased with the
addition of ions to the solution. Molecular simulations revealed that the calcium
ions act as a bridge between the oxygen atoms on the DNA phosphates and the
oxygen atoms on the silica. This allows a larger interaction between the two
entities. Sodium on the other hand, was calculated to play a very minor role as
a bridge between these two negative moieties. The adhesive interaction between
a DNA molecule and a silicon surface under a sodium solution (and presumably
in water too) arises from the direct interaction between the phosphate groups and
the silicon atoms on the surface.
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The number of specific adhesion events when the system was in sodium was
slightly higher than in calcium, perhaps due to the enthalpic gain that the polymer
in the former conditions gets when interacting with the silicon. It was hypothesised
that there is a higher energy barrier to adhesion of DNA to silicon under a calcium
solution, this translates to a higher interaction force between the polymer and the
surface upon retraction. This idea was corroborated by experimental data in which
higher adhesion forces were detected for the system under calcium, particularly
when the concentration was at its highest (i.e. 10 mM).

Common models of polymer elasticity (FJC, WLC) were applied to the data
in order to fit the retraction curve profiles. This approach was not altogether
successful, since the persistence length is underestimated by the WLC model. The
persistence length is an indicator of the flexibility of the molecule, and low values
of this parameter are associated with very flexible polymers. Double-stranded
DNA is stiff by virtue of the rigidity imposed by the double helix and is has
been calculated that its persistence length is around 20-50 nm. The calculated
persistence lengths were considerably lower than this value. The reasons for the
inability of the WLC model to fit our data were discussed, one of them being the
difference in our experimental approach. It is important to notice that although
the DNA molecule is firmly anchored to the tip via the Au-S bond, the interaction
between the DNA and the surface is feeble, rendering the experiment different
from the typical stretching protocol found in the literature. Furthermore, the data
obtained might be the product of the interaction of more than one DNA strand,
a fact that can complicate the data analysis and cause deviations from the ideal
WLC fits.

The results obtained during the SMFS part of this thesis are bridging the
gap between the observations made on the macroscopic scale and the behaviour
of individual atoms in the nanoscale. eDNA has been proven to be involved in
the mechanism of biofilm formation in Pse1 through diverse attachment assays.
Moreover it has been seen that the addition of calcium promotes the attachment
of cells at certain concentrations. The nature of the interactions between DNA
and solid surfaces has been investigated further, and a considerable increase in
the adhesion force between a DNA strand and a silica surface was seen when the
SMFS experiment took place under a calcium solution at a concentration of 10
mM. Theoretical approaches support these results, as it was seen that there is a
substantial energy barrier for the attachment and detachment of DNA to solid
surfaces in the presence of calcium ions. In this respect, the experimental results
gathered by our research group span over three levels: macroscopic observation
on whole bacterial cells, study of the attachment of a discrete number of DNA
molecules, and molecular simulations of the behaviour of the individual atoms
that conform this system. This multidisciplinary approach points toward the same
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conclusion: eDNA is involved in the biofilm formation process of Pse1, which is
mediated by divalent cations.

6.1 Future work

The project presented in this thesis constitutes a systematic approach in which
Gram positive and Gram negative organisms are compared. It contributes to
the body of knowledge of bacterial adhesion, since it deals with bacterial strains
with different cell envelopes and attachment strategies. Such direct comparisons
were found to be rare in the literature, since these entail a tremendous amount
of work. The frontal comparison between hydrophobic and hydrophilic probes
remains relevant, since these are model molecules with interactions that are very
clearly understood (see Figure 4.63). Additionally, there is plenty of compelling
evidence that the hydrophobic effect is one of the main driving forces for bacterial
attachment [358] and consequently the detection of hydrophobic and hydrophilic
regions within a cell can shed light into the way in which bacteria adhere.

The present work contributes to the current understanding of bacterial adhesion
by describing the data using strong statistical models. Future work will take this
project beyond the descriptive stage and dwell on the chemical principles behind
bacterial heterogeneity. Even though biologists are perfectly aware of the presence
of distinct macromolecules on the cell substrate, it is still unclear which relationship
they bear with the adhesive properties measured by SFM.

To that end, higher specificity in the SFM cantilevers is needed, to unequivo-
cally probe specific components on the cell wall (e.g. lectin-decorated cantilevers
to measure interaction forces with carbohydrates). It is envisaged that in the
near future, an adhesive map will become a chemical map, where the localisation
of regions rich in a particular component are known. An ideal breakthrough of
chemical mapping will see multiple cantilevers with distinct chemical functionali-
ties interacting with the same cell either simultaneously, or in close succession, to
map the distribution of chemical groups in real time.

Better resolution on the cell wall is needed in order to perform a better corre-
lation between morphology and composition, and eventually between morphology
and function. With the fast paced evolution of single-molecule force spectroscopy
and the advent of new techniques such as Peak-Force tapping [359], we are closer
every day to reaching these goals. The latter technique allows the acquisition of
high resolution images with a minimal applied force and also permits the collec-
tion of adhesion and nano-mechanical parameters coupled to high-resolution height
maps. In other words, super-resolution force-volume mapping is available now in
facilities all over the world, including this University.
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The field of bacterial biophysics is in dire need of standardisation methods
and the establishment of conventions. For the measurement of adhesion force
on bacterial cells, it would be useful if the analysis were done using comparable
immobilisation techniques, scanning parameters and analysis protocols in order to
compare directly the attachment of strains with data proceeding from different
research groups. An effort of this nature would allow researchers to sort bacteria
according to their adhesive properties and to build a knowledge database that
would help us to enhance our predictive skills of bacterial adhesion to surfaces.

Much effort has been placed in understanding the mechanisms of bacterial ad-
hesion. In the view of the impending threat of antibiotic resistance, which could
potentially take us to a new era of microbe-induced morbidity and mortality similar
to pre-antibiotic times, it is imperative to design new methods to prevent bacte-
rial infection. For instance, recently (May 2014) de la Fuente-Nuñez et al. [360]
reported the efficacy of small peptides against biofilm formation in Gram posi-
tive and negative species. These peptides appear to inhibit signalling nucleotides,
which are produced under conditions of stress. It is perhaps by preventing the
adhesion of bacteria in the first place that we will be able to deal with threatening
diseases, and thus the study of bacterial attachment should remain a central topic
in biophysics.

Final remarks

The study of bacterial adhesion and biomolecule interactions through SFM is gain-
ing popularity among the scientific community, due to the increasing presence of
this microscope in laboratories around the world. Additionally, it is becoming
increasingly evident that the SFM has the potential of studying bacteria in a way
that was not possible before: alive and in physiological conditions. Notwithstand-
ing the resources availability and the keen interest of the scientific community,
certain issues still need to be solved in order to establish universal protocols for
these studies. These topics include a reliable method of bacterial immobilisation,
adequate probe characterisation, reduction of noise in the measurements and seam-
less and widespread integration of the SFM to other techniques, such as fluorescent
or confocal microscopy, to name a few.

This PhD thesis has increased the current knowledge database of the nature of
bacterial adhesion of diverse strains and has presented a different approach to the
analysis or force data, using finite mixture models, which has not been reported
in the literature as a way to treat microbial adhesion data.
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Other key contribution of the present PhD thesis is the pursuit of the link
between macroscopic adhesion experiments with molecular simulations. SFM ap-
proaches bridge the gap between these two subjects and reinforce the knowledge
obtained through dissimilar approaches. Hopefully, this research has contributed
to the understanding of biological systems, through the analysis of probabilistic
microbial entities, applying concepts that physical sciences designed for determin-
istic and less complex systems.
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Appendix A: Cell viability experiments

3.6 µL of SYTO9 3.34 mM and 3 µL of propidium iodide 20 mM were combined
into 1 mL of phosphate buffer pH 7.1, to obtain final concentration of 12 µM
and 60 µM respectively. The mixture was kept protected from light. 10 µL of
the dye mixture was added for each mL of cell suspension. The dyes were left to
incubate for 10 minutes, before measuring 10 µL of the stained cell suspension
and putting it on a microscope slide, and covering it with a coverslip. The samples
were analysed with an Olympus microscope (Olympus BX50W1, Olympus Optical
Ltd., Watford, UK) equipped with SWB (super-wide band) and WB (wide band)
filters. The first one allows a visualisation of the fluorescence of the green and
red channels (i.e. alive and dead cells), whereas the second one only allows the
visualisation of the red fluorescence. Representative images were captured using
the CellB imaging software (Olympus Optical Ltd., Watford, UK).

Figure 6.1 shows the state of the cells after 6 hours of treatment with EDC and
NHS. Figures 6.2 and 6.3 shows the viability of cells that have not been treated
after 3 and 6 h., respectively. All the pictures shown were acquired through the
SWB filter cube, and thus show both dead and alive cells.
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(a) Pse1 (b) Pse2

(c) Rc92 (d) Rc291

Figure 6.1: Bacterial cells after being treated with EDC/NHS, after 6 h of
incubation. The cells were stained with BacLight®.
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(a) Pse1 (b) Pse2

(c) Rc92 (d) Rc291

Figure 6.2: Bacterial cells without treatment, after 3 h of incubation. The cells
were stained with BacLight®.
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(a) Pse1 (b) Pse2

(c) Rc92 (d) Rc291

Figure 6.3: Bacterial cells without treatment, after 6 h of incubation. The cells
were stained with BacLight®.
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Appendix B: Force-volume maps

The following force-volume maps are selected examples of Pse2 (Figure 6.4), Rc92
(Figure 6.5) and Rc291 (Figure 6.6) bacterial cells probed with 4 different types
of cantilevers: Si3N4, Au, DDT and MUA. The maps associated to the experi-
ments involving Pse1 and the four different cantilevers was presented in §4.4. The
experimental protocols related to the acquisition of these maps has already been
detailed in Chapter 4.
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(a) Si3N4 (b) Au

(c) DDT (d) MUA

Figure 6.4: Force-volume maps of Pse2, imaged with 4 different cantilevers, under
MOPS 20 mM.
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(a) Si3N4 (b) Au

(c) DDT (d) MUA

Figure 6.5: Force-volume maps of Rc92, imaged with 4 different cantilevers,
under MOPS 20 mM.
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(a) Si3N4 (b) Au

(c) DDT (d) MUA

Figure 6.6: Force-volume maps of Rc291, imaged with 4 different cantilevers,
under MOPS 20 mM.
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Appendix C: R code for bimodal fits

The following code was employed to fit the distribution of adhesion forces using
finite mixture models. This code was written by Dr Stephen Rolfe.

#load the mixmodel package
library("mixtools")

#functions needed for various actions

pnormmix <- function(x,mixture) {
lambda <- mixture$lambda
k <- length(lambda)
pnorm.from.mix <- function(x,component) {

lambda[component]*pnorm(x,mean=mixture$mu[component],
sd=mixture$sigma[component])

}
pnorms <- sapply(1:k,pnorm.from.mix,x=x)
return(rowSums(pnorms))

}

plot.normal.components <- function(mixture,component.number,...) {
curve(mixture$lambda[component.number] *

dnorm(x,mean=mixture$mu[component.number],
sd=mixture$sigma[component.number]), add=TRUE, ...)

}
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dnormalmix <- function(x,mixture,log=FALSE) {
lambda <- mixture$lambda
k <- length(lambda)
# Calculate share of likelihood for all data for one component
like.component <- function(x,component) {

lambda[component]*dnorm(x,mean=mixture$mu[component],
sd=mixture$sigma[component])

}
# Create array with likelihood shares from all components
over all data
likes <- sapply(1:k,like.component,x=x)
# Add up contributions from components
d <- rowSums(likes)
if (log) {

d <- log(d)
}
return(d)

}

# Log likelihood function for a Gaussian mixture, potentially
on new data
loglike.normalmix <- function(x,mixture) {

loglike <- dnormalmix(x,mixture,log=TRUE)
return(sum(loglike))

}

#do the probability calculation
probCalc<-function(f){
n <- length(f)
data.points <- 1:n
data.points <- sample(data.points) # Permute randomly
train <- data.points[1:floor(n/2)] # First random half is training
test <- data.points[-(1:floor(n/2))] # 2nd random half is testing
candidate.component.numbers <- 2:5
loglikes <- vector(length=1+length(candidate.component.numbers))
# k=1 needs special handling
mu<-mean(f[train]) # MLE of mean
sigma <- sd(f[train])*sqrt((n-1)/n) # MLE of standard deviation
loglikes[1] <- sum(dnorm(f[test],mu,sigma,log=TRUE))
for (k in candidate.component.numbers) {
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mixture <- normalmixEM(f[train],k=k,maxit=400,epsilon=1e-2)
loglikes[k] <- loglike.normalmix(f[test],mixture=mixture)

}
plot(x=1:5, y=loglikes,xlab="Number of mixture components",

ylab="Log-likelihood on testing data")
}
#end of the functions needed

#load in the data
#set the working directory first and change the filename

data<-as.matrix(read.table("MINITAB.CSV",sep=",",head=TRUE))

#here are a series of functions to allow things to be checked

#function viewHist(col,dataset) displays the histogram
and CDF of the column in the dataset

viewHist<-function(dataset,col){
cnames<-colnames(data)
ind<-is.na(dataset[,col])
f<-dataset[!ind,col]
plot.new()
par(mfrow=c(2,2))
hist(f,main=cnames[col])
ef<-ecdf(f)
plot(ef)
probCalc(f)
}

calcHist<-function(dataset,col,k){
cnames<-colnames(data)
ind<-is.na(dataset[,col])
f<-dataset[!ind,col]
plot.new()
par(mfrow=c(2,2))
mixmdl = normalmixEM(f,k=k)
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plot(mixmdl,which=2,main2=c(cnames[col]))
title<-c("lambda","mu","sigma")
print(mixmdl[title])
ef<-ecdf(f)
plot(ef)
#Distinct values in the data
distinct.f <- sort(unique(f))
# Theoretical CDF evaluated at each distinct value
tcdfs <- pnormmix(distinct.f,mixture=mixmdl)
# Empirical CDF evaluated at each distinct value

# ecdf(f) returns an object which is a _function_,
suitable for application
# to new vectors

ecdfs <- ecdf(f)(distinct.f)
# Plot them against each other
plot(tcdfs,ecdfs,xlab="Theoretical CDF",ylab="Empirical CDF",xlim=c(0,1),

ylim=c(0,1))
# Main diagonal for visual reference
abline(0,1)
return(mixmdl)
}

viewHist(data,1)

calcHist(data,1,2)
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Appendix D: Influence of preparation protocols on
bacterial surface properties

In §2.2.2 and §2.2.3 the production of extracellular polymeric substances (EPS) by
members of the Rhodococcus and Pseudomonas genus was reviewed. Since the EPS
constitute the outermost layer of the bacterial cell, it is imperative to study the
properties of these polymers in order to understand the mechanisms of bacterial
adhesion to surfaces.

Many different assays have been developed with the aim of assessing bacte-
rial properties, including MATH measurements, SFM experiments, electron mi-
croscopy, electrophoretic mobility and other forms of spectroscopy. Many of these
techniques share in common the bacterial preparation methods: normally the bac-
teria grow in liquid nutrient broths, which have to be eliminated in order to simplify
the analysis. These growth media often contain dozens of chemical components as
well as cell debris accumulated during the incubation time. It is a common prac-
tice to wash the cells and resuspend them in a buffer or water before performing
any other experiments. Marshall et al. [15] speculated about the dangers of using
these widespread methodologies and suggested that they could be modifying the
bacterial cell surfaces in such a way that the information extracted from them
during the experiments could not be compared to the actual behaviour in natural
environments. The washing techniques could be too harsh on the exo-polymers,
which could be modified or removed from the bacterial surface. Pembrey et al. [14]
have conducted methodical experiments in which they investigate the influence of
resuspension medium, centrifugation speed and air-drying, among other parame-
ters, on the attachment efficiency of a number of bacterial strains. They assessed
the changes in hydrophobicity, viability and electrophoretic mobility as a func-
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tion of the medium of re-suspension: water or NaCl 0.4 M. This is based on the
assumption that cells might behave differently in a low-salt concentration than
in a high-salt concentration, situation that could induce a conformational change
in the cell envelope, cellular collapse or adsorption of ions on the cell surface.
The researchers found that the measured properties varied significantly depending
on the buffer into which the cells were re-suspended. The biggest changes were
recorded when the cells were washed with water after having been washed with the
saline solution. It was also shown that the speed of centrifugation also affected,
to some extent, the measured properties. This changes are highly dependent on
the investigated strain, thus, making it difficult to generalise their behaviour. The
authors conclude that one must be careful while interpreting hydrophobicity and
electrophoretic mobility studies with natural processes. One must ascertain that
the preparation protocols do not significantly affect the nature of the cell walls.

With this in mind, it was decided to evaluate the effect on the suspension
medium and centrifugation speed on the hydrophobicity of bacteria. Rc291 was
selected for a pilot test, that involved measuring the contact angle of water droplets
on bacterial lawns.

Experimental protocols and results

Rc291 cells were incubated for 6 or 36 h in 50 mL of LB Broth (Sigma, Dorset,
UK) at 25 ◦C, on an orbital shaker. After the incubation time, batches of 7 mL
were prepared under different conditions

• Unwashed: The cells were pipetted out from the growth medium and re-
ceived no further treatment.

• Mild wash: The cells were concentrated in 15 mL centrifuge tube at 1200
gn (MSE Centaur 2, MSE Ltd. London, England) for 10 minutes. The
resultant pellet was re-suspended in 7 mL of PBS and washed two times
with this buffer.

• PBS: The pellet was resuspended in 1 mL of PBS and washed three times
through 2-minute centrifugation cycles at 12,100 gn.

• Water: The pellet was resuspended in 1 mL PBS and washed three times
through 2-minute centrifugation cycles at 12,100 gn. Then it was resuspended
in water and washed three times.

The cells were then filtered using a Millipore glass microanalysis filter holder
with fritted glass, a vacuum pump and Isopore polycarbonate membrane filters,
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0.2 um, GTTP (Merck Millipore, MA USA). The vacuum was kept on until the
bacterial lawns were reasonably dry. The filters were left to dry further inside Petri
dishes with filter paper bottoms for 30 min. The contact angle measurements were
acquired with the static sessile method using distilled water and measured with
a Theta optical tensiometer (Attension, Biolin Scientic, Espoo, Finland). The
results of the contact angle measurements are shown in Figure 6.7.

Figure 6.7: Contact angle measurements as a function of the washing proto-
col. The plotted results are the averages of 300 measurements taken by the high
speed camera mounted on the goniometer. Three samples were measured for each
condition. These data were analysed and plotted by Dr Matthew Mears.

In Figure 6.7 it can be seen that for cells grown either for 6 or 36 h, the speed
of centrifugation with PBS has very little effect on their contact angle value as
compared to the un-washed control (a contact angle of ∼ 30◦ was measured under
the three conditions). The fact that the bacterial lawns have a similar contact
angle has led to conclude that the nature of the surface of the bacterial cells has
not been modified through the washing protocol. In contrast, when the cells are
washed a further three times in water, the value of the contact angle is substantially
modified.

In order to assess if the change in contact angle is due to the nature of the
washing medium or the number of centrifugation cycles, a second experiment was
performed. Rc291 cells were incubated for 6, 24 or 36 h in 50 mL of LB Broth
(Sigma, Dorset, UK) at 25◦C, on an orbital shaker. After the incubation time,
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batches of 7 mL were concentrated at 1200 gn for 10 minutes. The pellets then
were resuspended in PBS and washed either 7 times in 1 mL PBS or 3 times in 1
mL PBS and 3 times in 1 mL water, or 3 times in 1 mL PBS and 3 times in 1 mL
water and 1 time in 1 mL of PBS with centrifugation at 12,100 gn for 2 minutes in
each cycle. The cells were then filtered using a Millipore glass microanalysis filter
holder with fritted glass, a vacuum pump and Isopore polycarbonate membrane
filters, 0.2 um, GTTP (Merck Millipore, MA USA). The vacuum was kept on until
the bacterial lawns were reasonably dry. The filters were left to dry further inside
Petri dishes with filter paper bottoms for 30 min. The contact angle measurements
were acquired with the static sessile method using distilled water and measured
with a Theta optical tensiometer (Attension, Biolin Scientic, Espoo, Finland). The
results of these measurements are depicted in Figure 6.8. In this second experiment

Figure 6.8: Contact angle measurements as a function of the washing protocol.
These data were analysed and plotted by Dr Matthew Mears.

it can be seen that the contact angle remains at approximately 20-30◦ for the
majority of the washing protocols. The only exception is again the PBS/Water
treatment for the 6 h growth. Like in Figure 6.7 the contact angle for this set of
experiments surpasses the 50◦ mark. It has been hypothesised that in the early
stages of growth the cells are more sensitive to the washing conditions, and by
washing them and re-suspending them in water an increase in hydrophobicity is
caused.
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Appendix E: Growth curves

It is the nature of bacteria in general, to propagate effectively when put into a
nutritive media with adequate concentrations of oxygen and ions and at a suitable
temperature. Under these conditions, cells will divide or double at a specific rate
and the growth can be described by:

N = N0e
µt, (6.1)

where N is the number of cells after a division event, N0 is the initial number of
cells in the culture, t is the time and µ is a constant termed growth rate that comes
from the division of ln2 over the doubling time.

From this equation we can get a plot that relates N versus t. Experimentally
it is not possible to determine N by counting all the cells. To overcome this issue,
aliquots of the culture must be taken and the number of cells must be determined
by indirect means. One of these methods involves the measurement of the cell
concentration (density) using a spectrophotometer. The optical density (OD), or
turbidity, will be proportional to the concentration of cells in the aliquot and a
time versus OD curve can be plotted. A growth curve will look like the one shown
in Figure 6.9.

The plot is not a perfect straight line because the cells do not grow with the
same µ all the time. During the initial or lag phase, they must first recognise their
environment, express their genes and synthesise the substances that they will need
to proliferate. In the exponential phase, the cells grow with the optimal µ for some
time and by the end of this phase the growth rate decreases, as new genes become
operative, thus making the cells enter a stable phase where the population remains
constant. During the stationary phase the cells stop growing due to the depletion
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Figure 6.9: Typical bacterial growth curve appearance.

of nutrients and accumulation of waste products. Finally, if the environment that
holds the bacteria does not provide means for the perfusion of toxic substances out
and the introduction of fresh nutrients into the media, then the cells will eventually
die and the decrease in members will be reflected as a decay in the OD, as shown
in the final phase of Figure 6.9.

To ensure the repeatability of any experiment that we attempt it is vital to
harvest the cells at the same point of the growth curve, since bacteria vary chemi-
cally and physiologically with time. The ideal time to harvest is generally the late
exponential phase or early stationary phase because at this time the cells are in
high concentration, the nutrients have not been depleted and the amount of ex-
creted substances is minimal. Other variables that remain constant at this point
are the volume, density and cell wall composition.

The growth curves were plotted from three bacterial cultures grown simulta-
neously. The samples were prepared and incubated as it was stated in §3.3.1 in
page 86.

The vertical line in the following four graphs indicates the usual time of har-
vest. The exponential phase can be clearly seen approximately from 8-18 h after
incubation. The stationary phase in this case is shown as a interval of slowed
growth. The death phase cannot be appreciated in these plots (Figures 6.10, 6.11,
6.12 and 6.13).
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Figure 6.10: Growth curve of Pseudomonas Pse1 in AB10 media at 20◦C. The
data points are the average of three measurements.

Figure 6.11: Growth curve of Pseudomonas Pse2 in AB10 media at 20◦C. The
data points are the average of three measurements.
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Figure 6.12: Growth curve of Rhodococcus Rc92 in AB10 media at 20◦C. The
data points are the average of three measurements.

Figure 6.13: Growth curve of Rhodococcus Rc291 in AB10 media at 20◦C. The
data points are the average of three measurements.
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Appendix F: Miscellaneous force-mapping
experiments

It is clear that the distribution of adhesion forces and their average magnitude
is not circumscribed to the adhesion method or to the instrument used. In this
Appendix, a different type of experiment is described, whose results support this
idea.

Rc291 cells were immobilised onto a PEI coated glass following the methodol-
ogy described in §3.3.4. A picture of such cells is shown in Figure 6.14. A series
of 100 force-distance curves where acquired over 6 different points of the upper
cell in Figure 6.14b. The measurements were taken under water using an MLTC
probe, using the cantilever with a nominal value 0.01 N/m of spring constant. The
experiment was performed on the Dimension 3100 system (Nanoscope IV, Digi-
tal Instruments, NY, USA). The data were analysed using the Carpick’s toolbox
routine on Matlab [361]. The results from such analysis are summarised in Figure
6.15.

This plot comprises six adhesion force histograms from a Rc291 adhered to
a PEI surface in water. The distribution, however, looks remarkably similar to
the one in which the cells are attached to a surface via the APTES/EDC/NHS
chemistry under MOPS 20 mM. A more comprehensive study is needed to ascertain
the validity of this claim.
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(a) Rc291 attached to PEI.
Imaged in water.
The height scale is 300 nm.

(b) Rc291 attached to PEI.
Imaged in water.
The height scale is 700 nm.

Figure 6.14: Rhodococcus 291 imaged with a Si3N4 tip, with a 0.01 N/m can-
tilever. Several sets of force-distance curves were acquired on these cells.

Figure 6.15: Histogram of the adhesion forces in 6 regions of a Rc291 cell. Forces
taken in water using a 0.01 N/m cantilever.
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Appendix G: SFM images of adhesion surfaces

In this section, SFM deflection images of the substrates used for bacterial immo-
bilisation are presented. The PEI surface (Figure 6.16) was prepared as detailed
in §3.3.4, on page 100. The APTES surface (Figure 6.17) was prepared as in 3.3.4
on page 97.

Figure 6.16: PEI surface. Imaged in contact mode, in air. 0.01 N/m cantilever.
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Figure 6.17: APTES surface. Imaged in intermittent contact mode, under MOPS
20 mM using a 0.03 N/m cantilever.
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