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Abstract

Bacteria colonise surfaces to form bio�lms, which are communities that can cause persistent

contamination or infections. Understanding the early stages of bio�lm formation and the fac-

tors that in�uence it is crucial for developing better prevention strategies. However, capturing

the dynamic process of bacterial adhesion and growth on surfaces in real time remains challeng-

ing. This study addresses that gap by using a biophysical approach to monitor and characterise

surface colonisation by bacteria under various conditions.

Quartz crystal microbalance with dissipation (QCM-D) was used to monitor bacterial ad-

hesion and bio�lm formation on gold surfaces in real time. Two model bacteria were studied:

Staphylococcus aureus(Gram-positive) and Pseudomonas aeruginosa(Gram-negative). The ef-

fects of varying nutrient availability, temperature, and the presence of a quorum sensing inhibitor

on bio�lm development were examined. Complementary bio�lm assays and imaging were per-

formed to con�rm and expand upon the QCM-D observations.

QCM-D captured distinct patterns of surface colonisation and bio�lm growth, which were

consistent with microscopy and biomass measurements. Both species formed much more exten-

sive bio�lms in nutrient-rich broth than in nutrient-poor medium, and a higher temperature (37

°C) accelerated bio�lm development compared to room temperature (25°C). S. aureus and P.

aeruginosa exhibited markedly di�erent adhesion behaviours: S. aureus rapidly formed multi-

layered clusters resulting in a soft, highly viscoelastic bio�lm, whereasP. aeruginosa adhered

more gradually and produced thinner, sti�er bio�lm layers. In S. aureus, inhibiting quorum

sensing with savirin delayed bio�lm maturation, prolonging the initial attachment phase and

reducing overall bio�lm accumulation. Comparisons with inert silica colloidal particles indicated

that physical deposition alone could mimic the early stage of adhesion, but live bacteria diverged

by actively aggregating and producing a viscoelastic polymer matrix.

These �ndings demonstrate the e�ectiveness of QCM-D for real-time bio�lm monitoring and

reveal how growth conditions and microbial traits shape bio�lm formation. The study high-

lights that S. aureus and P. aeruginosa employ di�erent strategies to colonise surfaces, and

that interfering with bacterial signalling can modulate bio�lm development. Overall, this work

provides a more comprehensive biophysical understanding of how bio�lms develop on surfaces,

which could inform the design of targeted strategies to control or prevent bio�lm-related issues.
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Streszczenie

Bakterie kolonizuj¡ powierzchnie, tworz¡c bio�lmy � zªo»one spoªeczno±ci komórek, które mog¡

powodowa¢ dªugotrwaªe ska»enia lub przewlekªe infekcje. Zrozumienie wczesnych etapów po-

wstawania bio�lmu oraz czynników wpªywaj¡cych na ten proces jest kluczowe dla opracowania

skuteczniejszych strategii zapobiegania. Uchwycenie dynamicznego przebiegu adhezji i wzrostu

bakterii na powierzchniach w czasie rzeczywistym pozostaje jednak wyzwaniem. Niniejsza praca

podejmuje to zagadnienie, wykorzystuj¡c podej±cie bio�zyczne do monitorowania i scharaktery-

zowania kolonizacji powierzchni przez bakterie w ró»nych warunkach.

Wykorzystano mikrowag¦ kwarcow¡ z pomiarem dyssypacji (QCM-D) do monitorowania

adhezji bakterii i formowania bio�lmu na zªotych powierzchniach w czasie rzeczywistym. Ba-

dano dwa gatunki modelowe:Staphylococcus aureus(Gram-dodatnia) i Pseudomonas aeruginosa

(Gram-ujemna). Zbadano wpªyw dost¦pno±ci substancji od»ywczych, temperatury oraz obecno-

±ci inhibitora `quorum sensing' na rozwój bio�lmu. Dodatkowo, w celu potwierdzenia wyników

QCM-D, przeprowadzono klasyczny test bio�lmu z �oletem krystalicznym oraz obserwacje mi-

kroskopowe.

Pomiary QCM-D zarejestrowaªy charakterystyczne wzorce kolonizacji powierzchni i wzrostu

bio�lmu, zgodne z obserwacjami mikroskopowymi i pomiarami biomasy. Oba badane gatunki

tworzyªy znacznie ob�tszy bio�lm w bogatym podªo»u od»ywczym ni» w medium ubogim, a wy»-

sza temperatura (37°C) przyspieszaªa rozwój bio�lmu w porównaniu z temperatur¡ pokojow¡

(25 °C). Zaobserwowano wyra¹ne ró»nice mi¦dzy gatunkami w sposobie zasiedlania powierzchni:

S. aureus szybko tworzyª wielowarstwowe skupiska prowadz¡ce do powstania mi¦kkiego, silnie

lepko-spr¦»ystego bio�lmu, podczas gdyP. aeruginosakolonizowaªa powierzchni¦ bardziej stop-

niowo, tworz¡c cie«szy i sztywniejszy bio�lm. W przypadku S. aureus zahamowanie quorum

sensing za pomoc¡ saviryny opó¹niaªo dojrzewanie bio�lmu, wydªu»aj¡c faz¦ pocz¡tkowej adhe-

zji i zmniejszaj¡c ogóln¡ akumulacj¦ biomasy. Porównanie z inertnymi koloidalnymi cz¡stkami

krzemionkowymi wykazaªo, »e sama �zyczna depozycja mo»e na±ladowa¢ jedynie pocz¡tkowy

etap adhezji, jednak »ywe bakterie zachowuj¡ si¦ odmiennie poprzez aktywne agregowanie si¦ i

wytwarzanie lepko-spr¦»ystej matrycy.

Uzyskane wyniki potwierdzaj¡ skuteczno±¢ metody QCM-D w monitorowaniu formowania

bio�lmu w czasie rzeczywistym oraz pokazuj¡, jak warunki ±rodowiskowe i cechy drobnoustrojów
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ksztaªtuj¡ proces powstawania bio�lmu. Praca uwydatnia, »eS. aureus i P. aeruginosastosuj¡

odmienne strategie kolonizacji powierzchni, a ingerencja w komunikacj¦ bakteryjn¡ mo»e modu-

lowa¢ rozwój bio�lmu. Caªo±ciowo, badanie to dostarcza bardziej wszechstronnego, bio�zycznego

zrozumienia procesu tworzenia bio�lmów na powierzchniach, co mo»e pomóc w opracowaniu

ukierunkowanych strategii zapobiegania i zwalczania tych struktur.
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Chapter 1

Introduction

1.1 Bacteria

1.1.1 Staphylococcus aureus

Staphylococciare Gram-positive bacteria, characterised by individual cocci that divide in multi-

ple planes to form clusters. To date, 32 species and eight subspecies within the genusStaphylococ-

cus have been identi�ed. These bacteria are non-motile, facultative anaerobes. First discovered

in 1884, Staphylococcus aureusis now one of the most extensively characterised and studied

species. The species name "aureus" is derived from the golden colour of the colonies when

grown on solid media [1, 2]. S. aureus is the leading cause of bacterial infections worldwide,

which range in severity from minor skin infections to fatal pneumonia [3]. It is also a commensal

organism in humans, asymptomatically colonising the nostrils of about 30% of healthy individ-

uals [4].

Figure 1.1: SEM images ofS. aureus bio�lms. From A fr. J. Microbiol. Res. , 2012, 6(13),
3284-3291, used under Creative Commons CC-BY license.[5]
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S. aureus

Domain Bacteria
Phylum Bacillota
Class Bacilli
Order Bacillales
Family Staphylococcaceae
Genus Staphylococcus
Species S. aureus

Table 1.1: Taxonomy of S. aureus.

S. aureushas an striking capacity to develop antibiotic resistance,[6] which elevates its sig-

ni�cance as a pathogen in the context of growing antibiotic resistance. Epidemics of antibiotic-

resistant S. aureushave arisen in the past 60 years. The commonly used benzylpenicillin was no

longer e�ective for the treatment of most S. aureusinfections within 10 years of its introduction

for use in humans, and penicillin-resistant strains became endemic throughout the late 1950s[7].

Methicillin-resistant Staphylococcus aureus(MRSA) was �rst reported in 1961, only two years

after the antibiotic was introduced to treat the penicillin-resistant strain. MRSA spread world-

wide over the next several decades and is now endemic in most hospitals and healthcare facilities.

A key concern for the treatment of MRSA infections is the increasing prevalence of multidrug

resistance [8�10].

The S. aureuscell wall is primarily composed of peptidoglycan and teichoic acids (phosphate-

containing polymers). These components create a strong protective coat, integral to the for-

mation of compact, layered cell wall networks capable of withstanding high internal osmotic

pressure [11, 12]. They also contribute a negative charge to the cell surface. The cell wall

structure includes surface proteins, exoproteins, and peptidoglycan hydrolases. These compo-

nents are involved in bacterial attachment to surfaces and are therefore key to staphylococcal

virulence.[13, 14]

1.1.2 Pseudomonas aerugionsa

The Gram-negative, facultatively anaerobic bacilli of the Pseudomonasgenus are common in-

habitants of soil, marine, and freshwater environments. The genus comprises over 120 species,

which are ubiquitous in wet environments such as water and soil ecosystems [15, 16]. The

production of pigments such as pyoverdine (yellow-green) and pyocyanin (blue-green) inPseu-

domonasspecies makes them easily identi�able on agar.[17, 18]

Interestingly, Pseudomonas aeruginosacan decompose hydrocarbons and has been used to

break down oil and tarballs resulting from oil spills [20]. However, research interest inP. aerugi-

nosa is primarily due to its considerable medical importance, as it is the species most frequently

associated with causing human infection. It is is an opportunistic pathogen capable of extensive
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Figure 1.2: Scanning electron microscopy (SEM) imagesP. aeruginosaattachment and bio�lm
formation on glass. FromBMC Microbiol. , 2010, 1(10), 38, used under Creative Commons CC-
BY license.[19]

P. aeruginosa

Domain Bacteria
Phylum Pseudomonadota
Class Gammaproteobacteria
Order Pseudomonadales
Family Pseudomonadaceae
Genus Pseudomonas
Species P. aeruginosa

Table 1.2: Taxonomy of P. aeruginosa.

colonisation, known for its ubiquity, multidrug resistance, and antibiotic resistance mechanisms

[21�23]. These enduring bio�lms contribute to its association with causing nosocomial infections

in immunocompromised patients. It is known for its ability to establish permanent residency

in the airways of cystic �brosis patients and for being the most commonly isolated bacterium

colonising severe burns and wound infections [24, 25].

Type IV pili are a type of cell appendage and can be found attached to the cell surface

of P. aeruginosa. These pili have been shown to account for 90% of the adherence, function,

and virulence in a mouse infection model [26]. Type IV pili also assist in facilitating `twitching

motility'�the retraction and extension of pili�which aids in bacterial movement and colonisa-

tion.[27�29]

1.1.3 The bacterial cytoskeleton

The cytoskeleton is a complex network of protein �laments found within cells, crucial for main-

taining cell shape, enabling cellular movement, and ensuring the proper organisation of internal
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structures. In bacteria, the cytoskeleton, though simpler than its eukaryotic counterpart, is

vital for various cellular processes, including cell division, shape maintenance, and intracellular

transport. This dynamic framework allows bacteria to adapt to di�erent environmental condi-

tions and supports their survival and pathogenicity.[30]

Key components of the bacterial cytoskeleton include several protein structures, each per-

forming speci�c functions (Fig. 1.3). The only cytoskeletal element present in spherical bacteria

such asS. aureus is the tubulin-like cell division protein FtsZ. FtsZ localises in a ring at the

onset of cell division, recruits other cell division proteins, and de�nes the division plane. In

rod-shaped bacteria, such asP. aeruginosa, additional cytoskeletal elements are present. For

instance, most rod-shaped bacteria contain one or more actin-like MreB homologues, which ex-

hibit helix-like localisation patterns and are essential for cell width control. At the onset of cell

division, the FtsZ ring forms and de�nes the division plane in these bacteria as well.[30, 31]

Figure 1.3: The bacterial cytoskeleton. Adapted from J. Cell Biol. , 2007, 179(3), 381�387.
Used under Creative Commons CC BY-NC-SA 4.0 license.[31]

The bacterial cytoskeleton indirectly impacts adhesion and colonisation by in�uencing the

shape and structural integrity of bacterial cells. A well-de�ned cell shape and robust cell wall

are essential for the e�ective functioning of surface proteins involved in adhesion. For example,

the proper localisation and functioning of adhesins, pili, and other surface structures depend on

the overall architecture of the bacterial cell, which is maintained by the cytoskeleton. Addition-

ally, the cytoskeleton plays a role in the spatial organisation of the cell surface, ensuring that

adhesins and other attachment factors are positioned optimally to interact with host tissues or

abiotic surfaces.[32]

Moreover, the cytoskeleton can in�uence the ability of bacteria to form bio�lms. The for-

mation and maintenance of bio�lms require coordinated cell movement and division, processes

that are heavily dependent on a functional cytoskeleton. For instance, the twitching motility

facilitated by Type IV pili in P. aeruginosa is supported by the cytoskeleton, enabling the bac-

teria to move across surfaces and establish bio�lms more e�ectively.[32]
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1.1.4 Di�erences Between Gram-Positive and Gram-Negative Bacteria

Bacteria can be classi�ed into two major groups: Gram-positive and Gram-negative. This clas-

si�cation is based on the Gram staining technique, developed by Hans Christian Gram in 1884,

which di�erentiates bacteria by the structural and chemical composition of their cell walls, which

signi�cantly in�uence their adhesion and colonisation capabilities.[33]

Gram-positive bacteria are characterised by a thick peptidoglycan layer that constitutes the

majority of their cell wall. This dense, multilayered structure is rich in teichoic acids and lipote-

ichoic acids, which contribute to the rigidity of the cell wall and its overall negative charge.

During the Gram staining process, the thick peptidoglycan layer retains the crystal violet stain,

causing Gram-positive bacteria to appear purple under a microscope. This robust peptidoglycan

layer not only provides structural support but also plays a crucial role in the initial stages of

adhesion to surfaces, which is vital for colonisation and infection. The dense peptidoglycan layer

also contains surface proteins that function as adhesins, facilitating the attachment to host tis-

sues and abiotic surfaces. For example, inS. aureus, surface proteins such as clumping factor and

�bronectin-binding proteins are vital for its ability to adhere to and colonise host tissues.[34, 35]

In contrast, Gram-negative bacteria possess a more complex cell envelope structure. Their

cell wall is composed of a thin peptidoglycan layer located within the periplasmic space, sand-

wiched between an inner cytoplasmic membrane and an outer membrane. The outer membrane

is unique to Gram-negative bacteria and contains lipopolysaccharides (LPS), phospholipids, and

proteins, which provide a formidable barrier to many antibiotics and harmful substances. Dur-

ing Gram staining, the thin peptidoglycan layer does not retain the crystal violet stain and

instead takes up the counterstain (safranin), causing Gram-negative bacteria to appear pink or

red under a microscope. The outer membrane's LPS plays a signi�cant role in interactions with

host cells and contributes to the pathogenicity of these bacteria.[36, 37]

The di�erences in cell wall structure between Gram-positive and Gram-negative bacteria

lead to distinct adhesion strategies. Gram-positive bacteria rely on the robust, thick peptido-

glycan layer and associated adhesins to establish strong and stable attachments to surfaces.

This is particularly advantageous in environments like host tissues where long-term stability

and resistance to mechanical and immune clearance are crucial.[39, 40] On the other hand,

Gram-negative bacteria, with their complex outer membrane and surface structures, are better

equipped to adapt to diverse environments.[40] Their ability to form bio�lms and utilise vari-

ous motility mechanisms, such as twitching motility facilitated by Type IV pili, enables them to

adapt to a wide range of environments, move across surfaces, and form bio�lms that are resilient

and responsive to environmental changes.[41, 42]
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Figure 1.4: Gram classi�cation diagrams. Adapted from J. Nanosci. Nanotechnol., 2012,
12(6), 5004-5008. Used under Creative Commons CC BY 4.0 license.[38]

1.2 Bacterial adhesion

The process of bacterial adhesion can be divided into three distinct stages: approach to the

surface, initial reversible attachment, and irreversible adhesion. These stages are in�uenced by

three main factors: the liquid environment, the characteristics of the surface, and the physiology

of the bacterial cell.[43]

Approaching the surface

The process of bacterial attachment begins when bacterial cells come into close proximity with

a surface. This critical step can be achieved through passive or active means. All bacteria are

subject to Brownian motion and gravitational forces, which can bring cells near a surface [44].

However, motility present in certain self-propelling bacteria is a more e�cient way of reaching

the surface. This active movement is driven by �agella, which generate propulsive force through

their rotation. Flagella-containing bacteria can swim directionally towards a surface in response

to environmental cues such as nutrient availability, light, oxygen levels, and temperature [45].

Additionally, motile bacteria can be attracted to surfaces by other bacteria, either of the same

or di�erent species, through electrical signalling.[46]
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Flow and shear rates greatly a�ect the e�ciency of bacteria approaching a surface. The

dynamics of �ow in the bulk liquid environment are in�uenced by the surface, with the �ow rate

being negligible at the hydrodynamic boundary layer (liquid-surface interface) near the surface.

The size of the hydrodynamic boundary layer depends on the �ow rate in the bulk liquid; gen-

erally, the higher the �ow rate, the thinner the boundary layer. Consequently, bacteria near the

surface are subjected to higher shear forces at high �ow rates and are transported with the �ow,

reducing their chances of approaching the surface.[47]

Swimming is randomly altered by Brownian motion in the bulk liquid, and this phenomenon

increases near the surface boundary. This results in more circular trajectories, enabling bacteria

to spend more time close to the surface. Furthermore, drag forces on the bacterial cell are

stronger near the surface, resulting in decreased swimming velocity compared to the bulk liq-

uid environment [48]. Additionally, extracellular appendages present on some bacterial cells can

help increase residence time near the surface. For example, pili can a�ect near-surface swimming

by creating intermittent mechanical contacts with the surface. Once near the surface, bacte-

ria use a variety of methods such as chemotaxis and active motility to achieve close proximity.[49]

Bacterial adhesion forces

Adhesion occurs if the sum of the attractive forces between the cell and the surface outweighs

the sum of the repulsive ones. Multiple forces act on the cells at long range, tens of nanometres

away from the surface. The longest-range interactions are van der Waals forces, which aid in

cell-surface adhesion when the cell is close to the surface where their magnitude is greatest

[50]. However, the magnitude of van der Waals forces decreases sharply with distance from the

surface, and repulsive forces prevent cell attachment if the bacterium is not close enough.

Electrostatic interactions, determined by the ionic strength and pH of the liquid environment,

also play a critical role. These interactions can either attract or repel bacterial cells depending

on the charge distribution of the cell and the surface. Lastly, hydrophobic interactions can be

either attractive or repulsive, depending on the composition of the liquid environment and the

chemistries of the cell and surface.[51]

Steric forces are another type of interaction that contributes to cell adhesion. Bacteria such

as P. aeruginosa and Escherichia coli possess a system of biopolymers, such as polysaccha-

ride chains, known as the polymeric brush layer. The charge and composition of this layer

are species-dependent and determine the nature of the long-range steric forces. Studies have

demonstrated that these steric interactions can be more signi�cant than van der Waals and

electrostatic interactions in cell adhesion.[51]
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Physical and chemical surface properties

Bacteria can colonise all natural and man-made materials. Although cell surface composition

varies, bacteria are typically negatively charged. This means that surface materials with pos-

itive to neutral charges are preferentially colonised [52]. Similarly, bacteria with hydrophobic

cell surfaces colonise hydrophobic materials more readily, and vice versa. [53]

The e�ciency of adhesion is also largely dependent on the physical and chemical properties

of the surface. Charge and hydrophobicity are two major factors a�ecting cell-surface interac-

tion. Surface hydrophobicity can be altered by surface patterning, making surface topography

an important factor in bacterial attachment. For example, microscopic-sized surface structures

increase surface area and reduce shear experienced by cells, promoting bacterial adhesion. It

has been shown that some bacteria attach preferentially to certain micropatterned substrates

compared to smooth surfaces [54, 55]. However, opposing �ndings exist for studies examining

adhesion to nanopatterned substrates, where the features are smaller than the cell size. Previous

studies show impaired adhesion of Staphylococcus aureus [56] and no e�ect onP. aeruginosa

and E.coli.[57] More recent studies, however, show a decrease in adhesion of all three bacteria

types [55, 58, 59].

Organic and inorganic molecules present in the bulk liquid may be deposited on the surface,

forming a conditioning �lm. These �lms alter physicochemical surface properties such as charge,

potential, or surface tension. The �lm composition varies widely, with its components originat-

ing from the liquid environment as well as being generated by either planktonic or attached

bacteria [60]. P. aeruginosa has been shown to secrete Psl exopolysaccharide upon reaching

a clean surface, creating microcolony nucleation sites that planktonic cells preferentially bind

to.[61] Conversely, biosurfactants deposited by P. aeruginosa have been shown to inhibit bacte-

rial adhesion.[62]

Bacterial cell surface and appendages

A variety of proteins, lipids, and exopolysaccharides, as well as structures such as �agella and

pili, can be found on the cell surface. These components directly or indirectly impact the pro-

cess of adhesion. The conformation of this heterogeneous environment is largely dependent on

conditions such as pH and ionic strength, which in�uence the cell surface charge and hydropho-

bicity. These factors can vary within a single bacterial population, a�ecting adhesion e�ciency

[63].

Flagella not only propel bacterial cells but also act as adhesins, aiding reversible adhesion

by increasing cell-surface contact area. They are used to probe the nearby surface topography

and approach environments that would otherwise be inaccessible to the comparatively large

cell body, thereby optimising cell position and ultimately facilitating irreversible adhesion [65].
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Figure 1.5: Single �agellated P. aeruginosa cell. From Microbiol. Immunol. , 1982, 26(2),
113-117, used under Creative Commons CC-BY license.[64]

Besides �agella, other extracellular appendages aid in the adhesion of many Gram-positive and

Gram-negative bacteria. These thin �bres include pili, �mbriae, and curli. Although some pili,

such as type I pili in Escherichia coli, possess speci�c receptors, most pili bind to a varied range of

nonspeci�c substrates. Studies have shown dynamic pilus activity, involving repeated extension

and retraction upon reaching the surface, which increases the e�ciency of cell attachment.[49]

However, the presence of surface appendages does not always lead to more e�cient adhesion.

This is illustrated by the phenomenon of surface shielding, wherein longer adhesins sterically

restrict the interaction between shorter appendages and the surface. For example, E. coli pos-

sesses short adhesins that are blocked by longer appendages such as lipopolysaccharides and

�mbriae.[44]

Irreversible attachment

Once bacteria are su�ciently close to the surface after overcoming the repulsive forces, they

strengthen their adhesion to achieve more permanent attachment. The cells and their ap-

pendages optimise their positioning, and adhesin molecules are generated to mature the cell-

surface interactions. Once the irreversible adhesion of single cells is attained, bio�lm formation

is initiated.[56]

1.3 Bacterial colonisation

1.3.1 Bacterial proliferation in liquid media

S. aureus is known for its robust growth in various liquid media. Literature indicates that

the doubling time of S. aureus in nutrient-rich broth, such as tryptic soy broth (TSB), is ap-

proximately 20-30 minutes under optimal conditions (37°C, pH 7.0) [66]. However, in minimal
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bu�er solutions, the doubling time can extend signi�cantly, often ranging between 40-60 min-

utes depending on the availability of essential nutrients and environmental factors.[67] Studies

conducted over a 24-hour period show thatS. aureuscan achieve substantial population growth

in TSB, reaching stationary phase within 8-10 hours. In contrast, growth in minimal bu�er

solutions is slower, with the stationary phase often not reached within the 24-hour timeframe.

These �ndings highlight the adaptability of S. aureusto di�erent aqueous environments, albeit

with varying growth rates depending on the nutrient composition of the media.[68, 69]

P. aeruginosa exhibits an ability to proliferate in a wide range of liquid media. The litera-

ture reports a doubling time of approximately 30-45 minutes in nutrient-rich conditions, under

optimal conditions (37°C, pH 7.0).[70] Similar to S. aureus, the doubling time of P. aeruginosa

increases in minimal bu�er solutions, often extending to 60-140[71, 72] minutes depending on

the nutrient availability and environmental factors. Over a 24-hour experimental period, P.

aeruginosademonstrates rapid growth in nutrient-rich, typically reaching the stationary phase

within 10-12 hours. In minimal bu�er solutions, the growth rate is slower, and the stationary

phase may not be achieved within 24 hours. The ability ofP. aeruginosa to adapt to various

aqueous environments underscores its versatility and resilience, which are key factors contribut-

ing to its pathogenicity and persistence in clinical settings.[41, 42]

1.3.2 Bio�lms

The majority of bacteria exist in collaborative surface communities known as bio�lms. Sus-

pended organic material deposits on horizontal surfaces, promoting growth and division in

surface-attached microbes due to a high local nutrient concentration. Sessile bacteria encase

themselves in a matrix that serves various mechanical functions, such as providing structural

rigidity and protection from the external environment, including shear forces caused by �uid �ow

[73�77]. Additionally, bio�lm-bound bacteria bene�t from antibiotic resistance, as the matrix

acts as a physical barrier against antimicrobial agents and host immune defences [78�80]. The

matrix also hosts dormant persister cells [81] and small colony variants [82], which are linked

to persistent and highly resistant infections. Consequently, bio�lms create favourable microbial

environments, ultimately enhancing the pathogenicity of bacteria.

Fig.1.6 illustrates the bio�lm life cycle. The process begins with the deposition of a condi-

tioning �lm on a surface, consisting of organic materials such as proteins and polysaccharides

that aid in the adhesion of planktonic bacteria. Bacteria can reach the surface through Brow-

nian motion or active movement using surface appendages such as �agella, seeking the higher

nutrient environment of the surface. The colonising bacteria then attach reversibly using weak

interactions such as van der Waals forces. At this stage, bacteria can detach and return to a

planktonic mode. Irreversible attachment follows the initial weak interaction and arises due

to hydrophobic/hydrophilic interactions, as well as surface structures such as �agella, pili, and
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lipopolysaccharides that aid in attachment by overcoming electrostatic repulsion [71, 79, 83�85].

Stronger attachment is accompanied by residence-time dependent cell wall deformation [86], re-

quiring detergents, enzymes, or heat to remove the bio�lm.

Following their irreversible attachment, bacteria become encased in a self-generated matrix

known as the extracellular polymeric substance (EPS). This matrix comprises proteins, polysac-

charides, lipids, and nucleic acids [87�89]. The protective and structural properties of the EPS

allow for bio�lm maturation, where cells form complex 3D structures containing water channels,

facilitating the distribution of nutrients and autoinducers [90]. The bacterial population is then

propagated as cells detach and disperse to new sites. Cells can be released due to �uid shear or

enzyme-enabled self-degradation.[91]

Figure 1.6: Diagram of the bio�lm lifecycle stages. (1) Initial reversible, then permanent
attachment. (2) Microcolony formation through growth and division at the substrate. Onset
of EPS production. (3) Development of complex 3D structures and bio�lm maturation. (4)
Dispersal of planktonic bacteria. Colonisation of new environments follows.

1.3.3 Quorum sensing

The growth and initial bio�lm formation are regulated by a process known as quorum sens-

ing (QS). Quorum sensing is the regulation of gene expression in response to �uctuations in

cell density. This process involves the production of chemical signals, known as autoinducers,

which increase in concentration as a function of cell density [92�94]. When a minimal threshold

concentration of an autoinducer is detected, it leads to an alteration in gene expression. Autoin-

ducers facilitate communication between cells by controlling population density and stimulating

phenotypic changes.[95]

Both Gram-positive and Gram-negative bacteria use QS to regulate various physiological

processes, including virulence, antibiotic production, motility, sporulation, and bio�lm forma-

tion [96]. In most Gram-negative bacteria, the autoinducers are acylated homoserine lactones

[92], whereas Gram-positive bacteria use processed oligopeptides [97]. Recent advances in the
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�eld indicate that QS occurs both within and between di�erent bacterial species.[98, 99]

1.4 Characterising bacteria on surfaces

1.4.1 Optical methods

Optical methods have played a pivotal role in the study of bacterial attachment and prolifera-

tion[43]. Typically, bio�lms are grown in well plates and stained using a dye. The dyes bind to

cells, and the amount of dye corresponds to the bio�lm biomass. Crystal violet (CV) is a com-

monly used dye, known for its use in the Gram staining method, with a maximum absorbance

at 590 nm under standard conditions. It works by staining the nuclei of adherent cells, acting as

an intercalating dye. This allows for the quanti�cation of deoxyribonucleic acid (DNA), which

is proportional to the number of cells, by measuring the optical density (OD) of the result-

ing suspension of stained cells. This technique allows for the study of bio�lms under varying

conditions, such as di�erent nutrient densities or the presence of antibiotics.[100] Unfortunately,

the fact that CV is a disruptive assay strongly limits its use for time-dependent characterisation.

The crystal violet assay does not di�erentiate between live and dead bacteria. To distinguish

the two, combinations of dyes are used simultaneously. Propidium iodide (PI) and SYTO 9—are

two �uorescent dyes that bind to DNA and are commonly used together. SYTO 9—can cross

the cell membrane and mark both live and dead cells, while PI cannot penetrate the membranes

of live cells and therefore only attaches to cells with compromised membranes. Information

such as cell location and surface bio�lm coverage is then obtained using �uorescence microscopy

images.[101]

Figure 1.7: Live/Dead bacteria staining assay of a dual-species bio�lm (textitStreptococcus
mutans and Streptococcus sanguinis) - live (green), dead (red) and combined. From Sci. Rep.,
2019, 9, 1, 6689-6689, used under Creative Commons CC-BY license.[102]

A disadvantage associated with the use of stains is insu�cient penetration of thicker �lms

during shorter contact times, and cell toxicity arising during longer incubation times [103�105].

Fluorescent reporter plasmids resolve these issues. Green �uorescent protein (GFP) labelled

S. aureus is one of the most studied examples [106]. The reporter plasmids[107] facilitate cell
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labelling for a range of experimental applications such as monitoring gene expression, carrying

out host interaction studies, and observing bio�lm development.[108�110]

Figure 1.8: Confocal microscopy of GFP-taggedS. aureus synovial �uid-induced aggregates
1-hour post exposure, used under Create Commons CC BY-NC-ND 4.0 license.[111]

1.4.2 Atomic force microscopy

Building upon scanning tunnelling microscopy, the atomic force microscope was introduced in

1986 as a method of probing surfaces at the nanometre scale. A major improvement of the

method was the removal of the previous prerequisite for samples to be electrically conductive.

This enabled the study of biological samples at resolutions beyond the di�raction limit.[112]

Figure 1.9: Simple diagram representing the core components of an AFM setup in which a
laser diode re�ects o� the back o� a cantilever onto an XYZ photodiode.

The technique involves the use of a cantilever, which ends with a sharp tip. The cantilever

is brought close to a surface, and the resulting interactions cause it to bend up or down. A

laser is re�ected o� the back of the cantilever (Fig. 1.9) onto a photodiode, which converts the

small cantilever movements, as it rasters across a surface, into computer signals. The voltage

produced by the photodiode depends on the position of the laser on it. Topography changes or
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cantilever adhesion to the sample result in vertical movement, whereas frictional forces twist-

ing the cantilever lead to lateral displacement. Ultimately, the laser position is translated into

changes in surface topography during imaging experiments [113, 114]. The use of piezoelectrics

enables the sub-nanometre precision of the technique. Piezoelectricity is a phenomenon in which

the electrical and mechanical states of a material are coupled. The faces of the material become

charged as it is deformed, and when the material is subjected to an electric �eld, it becomes

deformed. A potential di�erence applied to a four-quadrant piezoelectric tube alters its dimen-

sions, enabling movement in the X and Y axes as it extends and retracts. The tube extends

when voltage is applied to all quadrants, enabling movement in the Z direction.[115]

Feedback loop

Without the feedback loop employed, the force experienced by the cantilever is continually var-

ied, and since the forces between the tip and sample are not controlled, strong interactions can

damage the tip or surface. The feedback loop maintains constant de�ection or amplitude of

the cantilever, depending on the mode of operation of the AFM. The position of the z-piezo

is compared to a speci�ed set point, and the di�erence between these values is known as the

error signal. The feedback loop reduces this error signal by adjusting the voltage applied to the

z-piezo, ensuring that the measured value is close to the set point.[116]

Figure 1.10: Feedback loop in contact mode. Without the feedback loop the height of the
cantilever is maintained, with cantilever de�ection being converted into height information.
When the feedback loop is engaged the de�ection is constant as the piezo moves the cantilever
accordingly by the piezo, with the cantilever height being converted to height data.[117]

Tapping mode

AFM imaging can be separated into two di�erent modes: static and dynamic. In the static

mode, described above, the cantilever is in physical contact with the probed surface. With a

feedback loop engaged, the z-piezo moves the tip vertically as it encounters features of di�erent

sizes to maintain a constant force.[114]
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Dynamic mode imaging, often called tapping mode (also known as alternating current (AC)

or intermittent contact mode), involves the oscillation of the cantilever at its resonant frequency.

As the probe approaches the surface, the amplitude signal is recorded. Tall features dampen the

oscillation while depressions in the surface increase it. These variations in amplitude are then

translated into a height pro�le. Typically, the tip is moved by the z-piezo motor to maintain

a constant amplitude with the use of the feedback loop. The height pro�le of the surface is

therefore captured from the z-piezo movements.[118]

Dynamic methods of scanning are preferred for studying biological samples due to decreased

vertical applied forces and the elimination of lateral forces, which can otherwise easily disturb

the samples [113]. Tapping mode imaging of bacteria has been used in a wide range of studies,

providing insights on bacterial distribution on surfaces, cellular dimensions [119], cell division

[120], and surface e�ects on bacterial adhesion [121].

Figure 1.11: Diagram showing the principle of tapping mode imaging. The cantilever is made
to oscillate at its resonant frequency, with an amplitude of A0. As the cantilever nears the
surfaces the amplitude of the oscillation is reduced toA

Force mode

Aside from the use of scanning force microscopy (SFM) in capturing detailed images, it can also

be employed to obtain force information in force spectroscopy experiments. A force-distance

curve is generated, representing the force experienced by the cantilever in relation to its distance

from the probed sample.[122, 123]

Although the SFM is typically operated using cantilevers with sharp tips at the end, tip-
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less cantilevers have been used to develop bioprobes [124, 125]. These AFM force studies have

been instrumental in advancing our understanding of how cells interact with surfaces [126�128].

Much of this research has focused on characterising the structure and function of surface ad-

hesins [129, 130]. For example, experiments where a single bacterial cell is immobilised on an

AFM cantilever, known as single-cell force spectroscopy (SCFS) [131], have enabled mechanistic

studies of pili [132]. Another AFM-based method, known as single-molecule force spectroscopy

(SMFS), has been developed to study the material properties of puri�ed bioadhesives [133]. This

method has helped identify the presence of a DNA and peptide residue polymer brush layer on

Caulobacter crescentusholdfasts (a type of adhesin) [134]. The identi�ed polymer brush was

determined to play a key role in facilitating initial surface-holdfast interactions.

1.4.3 Quartz-crystal microbalance with dissipation monitoring

Quartz crystal microbalance (QCM) is a surface-sensitive, real-time technology typically used

to detect mass changes at a surface with nanoscale resolution. These mass changes are used

in the analysis and quanti�cation of surface-molecule interactions. Initially used to study thin-

�lm deposition in the gas phase and under vacuum conditions [135], the development of liquid

phase experiments allowed for the analysis of viscoelastic layers produced by the deposition of

substances such as biomolecules or polymers. The quartz crystal microbalance with dissipation

monitoring (QCM-D) captures energy loss in addition to mass changes, providing insight into

the viscoelastic properties of the system. This is particularly useful for monitoring viscoelastic

layers.[136]

QCM-D is a type of acoustic technology. The technique centers around the oscillation of a

thin quartz crystal disk. The crystal sensor has electrodes deposited on each side and is made to

resonate using an applied voltage. The resonance frequency,f , is dependent on the thickness,

or mass, of the sensor. Therefore, nanoscale changes in mass can be detected by monitoring

changes in the resonance frequency,� f .[137] Piezoelectricity plays a crucial role in QCM-D

technology. It is a phenomenon where displacement is proportional to the applied voltage. The

crystal is made to oscillate as it is composed of a piezoelectric material, typically quartz, allow-

ing for its excitation.[138]

Günter Sauerbrey identi�ed the relation between frequency and mass in 1959, giving rise to

the Sauerbrey relation.[140, 141] The equation states that there is a linear relationship between

the change in frequency (� f ) and the change in deposited mass per unit area (� mf ) on the

quartz crystal surface. This relationship is expressed as:

� mf = � C
� f
n

(1.1)

C, the mass sensitivity constant, is determined by the quartz properties, whilen represents the

harmonic in question. For the Sauerbrey equation to be applicable, multiple conditions must be
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Figure 1.12: Diagram representing the QCM-D oscillating unit which consists of a thin quartz
crystal disk with electrodes deposited on both sides. The crystal is excited to resonance with an
applied voltage. Changes in the frequency,� f, are then monitored throughout the experiment.
Adapted from reference.[139]

met. The adsorbed mass must be thin, rigid, evenly spread across the sensor, and much smaller

than the crystal mass. These limitations necessitate the use of viscoelastic modelling to analyse

hydrated systems.[142]

The mass sensitivity constant,C, represents how many nanograms of substance, per cm2 of

the sensor surface, are needed to shift the resonance frequency by 1 Hz. It is dependent on the

fundamental resonant frequency of the crystal.[143]

C =
� q� q

2f 2
0

(1.2)

The constants � q (quartz shear wave velocity), � q (density of quartz), and f 0 (fundamental

resonant frequency) are crucial in determiningC. Since a smallerC corresponds to higher mass

sensitivity, mass sensitivity is better for higher fundamental frequencies.

Dissipation (D) represents the energy loss of the system and indicates how soft or viscoelas-

tic the layer is at the crystal surface. This provides insight into structural changes of the layer,

such as swelling, crosslinking, or collapse[144�146]. Dissipation serves as an indicator of whether

the Sauerbrey equation can be applied. In cases where the Sauerbrey equation is not applicable,

� D is used in viscoelastic modelling.[147]

Dissipation is quanti�ed by analysing the damping of the oscillations of the quartz sensor.

It is calculated using the resonance frequency (f r ) and the bandwidth of the resonance peak
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(� f ). The dissipation factor is given by:

D =
1

2�
� f
f r

(1.3)

A higher dissipation value indicates a softer, more viscoelastic material, while a lower value

suggests a more rigid layer. This measurement helps to evaluate the structural changes in the

layer, such as swelling, crosslinking, or collapse.

The QCM crystal is typically made to resonate at a range of di�erent harmonics (n). For

the commonly used AT-cut QCM crystals, only the odd harmonics (n=1,3,5,. . . ) can be ex-

cited.[148] The overtone order needs to be odd to ensure an antisymmetric motion pattern in

the quartz. When the overtone order is even, the deformation becomes symmetric, resulting in

no current �ow between the electrodes.[148] The lowest resonance frequency (n = 1 ) is called

the fundamental, while all higher n values are overtones of the fundamental. Measuring mul-

tiple overtones, typically ranging from the 3rd to the 11th, can be measured simultaneously,

providing a comprehensive view of the processes occurring at di�erent depths relative to the

sensor surface. Higher overtones are particularly sensitive to changes happening near the sensor

surface, making them re�ective of surface-bound interactions and thin �lms. In contrast, lower

overtones, which penetrate deeper into the sample, are representative of processes occurring

further from the sensor surface, capturing bulk material properties and thicker layers.[149, 150]

This simultaneous measurement of multiple overtones allows for a nuanced analysis of both sur-

face and bulk phenomena, enhancing the overall understanding of the sample's behaviour. The

common exclusion of the fundamental frequency from QCM-D results is due to its signi�cant

time-dependent variations.

Measuring a range of harmonics can help determine whether the studied sample falls un-

der the Sauerbrey regime. If the Sauerbrey relationship holds, the adsorbed mass should be

derivable using any of the harmonics. Therefore, if the results show very di�erent normalised

frequency shifts (� f n
n ), the Sauerbrey equation cannot be applied as the �lm is not rigid. Typ-

ically, spread-out harmonics indicate a thick, viscoelastic layer, while rigid, thin layers show

harmonics that are close in space. Furthermore, information from multiple overtones is crucial

when performing viscoelastic modelling [136].

Methods for modelling the mass of viscoelastic layers have been developed using changes in

f and D at a range of harmonics. In addition to the quartz crystal, a viscoelastic layer has its

own shear modulus. Viscoelasticity indicates that a material possesses both viscous and elastic

responses to applied stress. Models of viscoelasticity attempt to describe the response to stress,

which includes both the viscous and elastic components. The Kelvin-Voigt model is one of the

most commonly used models for analysing viscoelastic layers. This model was adapted to relate

the change inf to layer thickness, density, and viscosity.[147]
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The applicability of the Kelvin-Voigt model is limited. If the thickness of the layer exceeds

25% of the crystal oscillation wavelength, the �lm resonance e�ect occurs, wherein an increase

in mass results in an increase in frequency. Although the Kelvin-Voigt model has been used to

determine the thickness of adsorbed layers of various biomolecules such as proteins and enzymes

[151�153], its thickness limitation means that it has not been widely used in the study of thick,

viscoelastic �lms, such as bacterial bio�lms.[154]

Despite the limitations of both the Sauerbrey and viscoelastic models, many QCM-D inves-

tigations have successfully studied bacterial attachment [155, 156]. This has been achieved by

analysing the QCM-D results in conjunction with complementary results from additional ex-

periments, such as �uorescence microscopy [157], crystal violet biomass estimation [158], AFM

imaging, or force spectroscopy [158, 159]. QCM-D studies focusing on bacteria typically do not

extract mass or thickness information directly from the f or D data. Instead, changes inf and

viscoelasticity, alongside other data (e.g., microscopy), have been used to indicate changes in

processes including the onset of attachment [157, 160], detachment [161, 162], or alteration of

the mode of attachment [163]. These studies have explored the e�ects of various factors that

a�ect bacterial adhesion to di�erent substrates, including the e�ects of ionic strength [157, 163],

cell and surface hydrophobicity [160], and the presence of EPS.[164�166] For example it has been

found in one study that � f does not directly correlate with the number of adhering bacteria;

rather, the QCM-D output parameters are determined by the thickness of the interfacial region,

which is in�uenced by the length of the surface appendages. Furthermore, positive frequency

shifts occur when the bacterial cell body is not in direct contact with the crystal sensor surface

but is maintained at a distance, depending on the length of the surface appendages. Such posi-

tive shifts contradict the expected outcome of mass addition on the sensor surface, leading to a

signi�cant challenge when modelling bacteria with QCM-D.[167]

Some studies have employed the� D=� f ratio to understand bacterial adhesion and bio�lm

development processes.[165, 168�170] This ratio is an e�ective indicator of the viscoelastic prop-

erties of the adhered bacteria or bio�lm. One study used the� D=� f ratio to examine bio�lm

architecture and distinguish between two separate bio�lm formation phases. When used along-

side other QCM-D outputs, this ratio can identify highly sensitive phenomena, such as confor-

mational shifts and the reorganisation of bacterial cells or bio�lms.[162, 169, 171]

1.4.4 Research aims

The QCM-D presents an ideal platform for studying bacterial adhesion and bio�lm formation

due to its capacity for real-time monitoring and large sampling areas. Unlike many commonly

used techniques that are invasive, involving mechanical forces, infrared radiation, conductive

coatings, exposure to vacuums, or requiring optically transparent substrates and dedicated �ow
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cells, QCM-D is minimally invasive and label-free. This non-invasive nature is crucial as inva-

sive methods can alter the natural adhesion properties of cells. Additionally, QCM-D allows for

easy tuning of various physicochemical parameters such as temperature, pH, and ionic strength

during measurements, which is essential given that bacterial adhesion is in�uenced by surface

free energy, wettability, surface charge and surface roughness.[172]

Furthermore, QCM-D's sensitivity enables it to detect not only contact dynamics but also

mechanical changes within the bacterial-medium overlayer on the sensor surface, providing com-

prehensive 3D insights into the system.[157] The importance of monitoring bacterial adhesion

in real-time is underscored by the fact that bacterial adhesion and bio�lm formation involve

time-dependent events that are key to understanding their mechanisms.

Moreover, studying adhesion at the cell population level is vital for understanding interac-

tions such as cell�cell communication and social cooperativity e�ects.[173, 174] The dynamic and

complex process of bacterial adhesion is further complicated by the in�uence of EPS, which have

been shown to a�ect adhesion mechanisms in EPS-producing bacteria compared to non-EPS-

producing bacteria. Variations in the viscoelastic properties of the bacterial-substrate interface,

particularly during the dynamic evolution of EPS stages in bio�lm maturation and dispersal,

also play a signi�cant role.

QCM-D stands out as a powerful tool in the study of bacterial colonisation, providing the

necessary capabilities to observe and control the various factors involved in this intricate pro-

cess. Despite the advances in using QCM-D for studying bacterial adhesion, several critical

aspects remain under-explored. To date, most dynamic studies, including those using QCM-D,

focus primarily on short-term initial adhesion, lasting less than a couple of hours.[157, 166, 168,

175] This limited timeframe restricts the visualisation to short-term interaction patterns and ne-

glects the long-term processes such as the formation of extracellular polymeric substances (EPS)

and bio�lm development, which are crucial for understanding bacterial proliferation on surfaces.

Additionally, these short-term studies often overlook bacterial multiplication, which can be-

gin as early as 20 minutes after initial adhesion. Ignoring this aspect means missing signi�cant

data on bacterial growth and bio�lm maturation over extended periods. Moreover, the majority

of these studies are conducted in pure bu�er solution[161, 170] to eliminate the e�ects of complex

media and focus solely on pure cell-material interactions. However, this approach over prolonged

periods does not accurately re�ect real-world conditions, as bacteria are under extreme stress

under nutrient-free conditions[13] unlike in most laboratory and natural environments.

Furthermore, QCM-D has not been extensively used to explore several other vital factors.

The e�ects of di�erent temperatures on bacterial adhesion and growth, the impact of quorum

sensing inhibitors on bio�lm formation, and comparisons between bacteria and colloids with
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similar parameters to contrast the results remain largely largely unexplored. Addressing these

gaps is essential for a more comprehensive understanding of bacterial behaviour in various envi-

ronments, and it underscores the need for long-term studies that can capture the full spectrum

of bacterial interactions and their implications.

In this study, a label-free QCM-D-based approach is used to discriminate bacterial adhesion

pro�les and viscoelastic �ngerprints at a strain-speci�c level. Gold is the surface of choice for

all experiments due to its dual advantages: research has identi�ed a water contact angle of 65�

5° as optimal for cell adhesion on biomaterials, which matches the water contact angle of pure

gold.[176] Additionally, gold's biocompatibility makes it suitable for implants and prosthetic

parts, such as screws, due to its established safety and e�cacy in medical applications.[177]

The primary bacteria of interest in this study are S. aureus and P. aeruginosa, represent-

ing the unique surface properties of Gram-positive and Gram-negative bacteria, respectively.

A range of media with varying nutrient concentrations, more re�ective of common laboratory

conditions, will be used to determine if QCM-D experiments can be conducted in nutrient-

containing media rather than sterile, nutrient-less PBS. This approach aims to provide more

realistic insights into bio�lm formation.

The overall aim is to enhance our understanding of bio�lms and how they are in�uenced by

various factors such as temperature, nutrient conditions, and the presence of quorum sensing

inhibitors. Ultimately, the goal is to explore QCM-D as a method of monitoring bio�lms to

inform prevention and removal strategies in the long term.
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Figure 1.13: A schematic showing model QCM-D experiment results. The top diagram shows
the � f response. As material deposits on the crystal, the frequency becomes more negative. The
diagram below includes a model� D response, which shows an increase as mass is deposited,
representing an increase in viscoelasticity. The bottom diagram shows the results for multiple
overtones. Initially, when little material is on the crystal surface, all the overtones overlap,
which indicates that the viscoelastic response is insigni�cant. As the �lm thickness increases,
the overtones separate.
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Experimental methods

2.1 Microbiology

The focal point of this research project lies in the utilisation of QCM-D analysis to explore

bacterial colonisation of a gold surface across various nutrient environments. This investiga-

tion is complemented by a series of additional experiments encompassing crystal violet assays,

�uorescence microscopy, and atomic force microscopy imaging, all designed to gather data on

biomass and bacterial coverage. To ensure comparability, these supplementary experiments

strive to closely replicate the conditions established in QCM-D studies, following a standardised

bacterial attachment protocol outlined herein. The initial growth conditions for bacteria remain

consistent across both QCM-D investigations and supporting experiments.

P. aeruginosa (American Type Culture Collection (ATCC) 15442—) and S. aureus (ATCC

6538—) were the main bacteria studied in this project. Furthermore, tests were also conducted

with a �uorescently labelled S. aureusstrain (SH1000-GFP), selected for its suitability for �u-

orescent microscopy.

2.1.1 General protocol for bacterial growth

OD600, or �Optical Density at 600 nm" is a crucial parameter in microbiology for assessing the

density of microorganisms in liquid cultures. The term �OD" denotes optical density, re�ecting

the degree of light absorption or scattering by a solution, while �600" signi�es the speci�c wave-

length of light employed for measurement. As bacterial populations proliferate in liquid media,

they contribute to increased turbidity or cloudiness due to the scattering and absorption of light

by bacterial cells. Consequently, OD600 serves as a widely adopted relative measure of bacte-

rial density in liquid cultures[160, 178] and was utilised as an indicator of bacterial quantities

employed in the experiments.

Bacteria were kept as glycerol stocks at -80°C. The bacteria were streaked on tryptic soy
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agar (TSA) plates and incubated (� 16 h, 37 °C). The streak plates were kept at -4°C for

up to a week. Single colonies from the plates were used to inoculate 3 mL of TSB (Table

2.1) under continuous shaking (200 rpm). To ensure consistency across experiments, overnight

cultures were adjusted to prede�ned OD600 values (1, 0.5, or 0.1) using the same media em-

ployed during the initial growth phase, thereby standardising bacterial concentrations utilised

in each experiment. TSB was used as it is one of the most ubiquitous laboratory growth media.

Tryptone provides the nitrogen source and peptides necessary for protein synthesis. Soytone,

derived from soy peptone, supplies essential vitamins and growth factors. Dextrose serves as the

primary carbon source, promoting robust bacterial metabolism. Sodium chloride helps maintain

osmotic balance, while dipotassium phosphate acts as a bu�ering agent to stabilise the pH. TSB

is nutrient-rich medium used for cultivating a wide range of bacteria, making it a good candidate

for investigating bacterial growth and adhesion.

Component Concentration (g/L)

Tryptone 7
Soytone 3

NaCl 5
K2HPO4 2.5
Dextrose 2.5

Table 2.1: Composition of TSB.

In experiments involving the suspension of bacteria in a low-nutrient environment, bacteria

were �rst grown in TSB as described above. They were then centrifuged (4700 rpm, 5 min, 4°C)

and dispersed to a chosen OD600 value in Reasoner's 2A broth (R2A) broth (Table 2.2). In

R2A broth, peptone provides the nitrogen source, while yeast extract supplies essential vitamins

and growth factors. Dextrose serves as the carbon source, and magnesium sulfate along with

potassium phosphate helps maintain osmotic pressure. Starch acts as a detoxi�er, and sodium

pyruvate enhances the recovery of stressed cells. This composition makes R2A broth suitable

for studying bacterial behaviour under low-nutrient conditions.

Component Concentration (g/L)

Yeast extract 0.5
Meat peptone 0.5
Casamino acid 0.5

Glucose 0.5
Starch 0.5

Sodium pyruvate 0.3
K2HPO4 0.3
MgSO4 0.05

Table 2.2: Composition of R2A.
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For experiments involving the suspension of bacteria in a virtually nutrient-free environment,

bacteria were �rst grown in TSB as described above. They were then centrifuged (4700 rpm, 5

min, 4°C) and dispersed in phosphate-bu�ered saline (PBS) (Table 2.3) to a chosen OD600 value.

Component Concentration (g/L)

NaCl 8
KCl 0.2

Na2HPO4 1.44
K2HPO4 0.24

Table 2.3: Composition of PBS.

Both of the bacterial growth media and the PBS bu�er were created by dissolving the

amounts described in the tables above in 1 L of MiLli-Q water and sterilised by autoclaving.

All chemicals were acquired from Sigma-Aldrich (Gillingham, United Kingdom).

GFP-labelled S. aureuswas used in experiments focused on optical visualisation of cells. To

ensure that only the bacteria containing the desired genetic modi�cations survive and prolifer-

ate, a selection marker is added to the growth media. This means only bacteria with the genetic

construct of interest (in this case, the GFP gene) and the accompanying tetracycline resistance

gene will thrive in the presence of tetracycline, an antibiotic. It serves as a method to select

for and maintain bacteria that have successfully incorporated the GFP gene. Tetracycline (2

� g/mL) was therefore added to both the agar and broths in all experiments involving the use

of GFP-labelled S. aureus.

2.1.2 Gold Substrate Colonisation Protocol

In addition to QCM-D data collection, �uorescence imaging and crystal violet assays were con-

ducted to gather biomass and surface coverage data. These experiments were performed in

well plates, with experimental parameters carefully tailored to mimic those of QCM-D exper-

iments. The utilisation of well plates enabled the simultaneous execution of a higher number

of experiments. The sample preparation procedures remained consistent for both AFM and

�uorescence microscopy imaging. Bacterial cultures were prepared according to the protocol

outlined previously, to obtain bacterial suspensions of speci�c OD600 values (0.1, 0.5, and 1).

Au-coated quartz sensors, employed in QCM-D experiments throughout this project, served as

the substrate of choice to facilitate direct comparison with QCM-D data. The experiments were

conducted in 24-well plates, which share the same dimensions as the QCM-D chamber, ensuring

identical volumes were used across all of the experiments.

A sterilised crystal was placed into a well, followed by the addition of 500� L of TSB, and

incubated at 25 °C for 10 minutes. This step replicated the media-only `background' process
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carried out at the commencement of each QCM-D experiment. Subsequently, the crystal was

transferred to a sanitised chamber and immersed in 500� L of bacterial culture. The samples

were then incubated at 25°C for 24 hours to obtain AFM images, aligning with the duration

of the QCM-D experiments. Conversely, �uorescence microscopy imaging was conducted over

a shorter duration of 30 minutes. This abbreviated timeframe enabled the examination of cell

distribution on the surface without signi�cant bacterial multiplication on the substrate, facilitat-

ing the investigation of attachment behaviour rather than bacterial proliferation on gold. After

the incubation period, the crystals underwent gentle washing in PBS (� 3). Subsequently, the

crystals were either mounted on glass slides for �uorescence imaging or �xed for AFM tapping

mode imaging.

Cell-�xing protocol

Prior to tapping mode AFM imaging, samples were �xed using 4% paraformaldehyde (PFA)

in PBS. All procedures involving PFA were conducted within a fume hood. After the sam-

ples were obtained using the method outlined in Section 2.1.2, samples were submerged in 200

� L of 4% PFA in a clean well. The samples were then incubated at room tmperature (RT)

for 30 minutes. Subsequently, the crystals underwent washing in PBS (� 3) and were stored

in PBS at -4 °C. Before AFM tapping mode imaging, the samples were dried under nitrogen �ow.

2.1.3 Crystal violet assay

A straightforward approach to assessing bacterial biomass is the use of the crystal violet stain.

It works by staining the nuclei of adherent cells, working as a intercalating dye. This allows for

the quanti�cation of DNA, which is proportional to the number of cells, by measuring the OD

of the resulting suspension of stained cells. Bacteria attachment to a gold-coated crystal was

described in section 2.1.2. The rinsed crystal were then immersed in 0.5 % crystal violet stain

for 20 min at RT on a bench rocker (20 rpm). The crystals were then washed in PBS (� 3) to

remove all excess dye and left to air dry for 24 h. Next, the crystals were immersed in 1 mL

glacial acetic acid (30 %) in a clean well, and incubated for 20 min at RT on a bench rocker (20

rpm) to suspend the surface attached cells. The resulting suspension was added to a cuvette

and the OD is measured at 595 nm.

2.1.4 Quorum sensing inhibition experiments

Both QCM-D and �uorescence imaging experiments were conducted to probe the e�ects of a

known S. aureus quorum sensing inhibitor, savirin. GFP-labelled S. aureus was used in all

experiments, due to its �uorescent properties, which make for facile sample imaging. All exper-

imental protocols were unchanged, apart from the addition of savirin to a concentration of 5
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� g/mL, which was added to the bacterial culture after its dilution to a chosen OD600 value. The

bacterial suspension was then used in the same way as in other experiments, i.e. incubated on

gold substrate which was then imaged (Section 2.1.2), or used in a QCM-D experiment (Section

2.2.1).

2.2 Measurement gathering and equipment

The key measurements contained in this project involved the monitoring of bacterial attachment

using QCM-D and imaging of attached bacteria using tapping mode AFM and �uorescence mi-

croscopy.

2.2.1 Quartz crystal microbalance with dissipation monitoring

AT-cut quartz crystals (open QCM, Novaetech) with a fundamental frequency of 5 MHz were

used in all QCM experiments. The electrodes consisted of a 200 nm layer of gold deposited on

a 10 nm titanium substrate, with an electrode diameter of 12 mm.

Quartz-crystal cleaning procedure

The cleaning procedure for the crystals began with UV/ozone treatment lasting 10 minutes.

Subsequently, a solution consisting of Milli-Q water, ammonia (25%), and hydrogen peroxide

(30%) in a ratio of 5:1:1 was heated to 75°C in a fume hood. The sensor was immersed in

the solution, maintaining the temperature for 15 minutes. After removal from the solution, the

sensor was promptly rinsed with Milli-Q water, followed by blow-drying with nitrogen gas and

an additional UV/ozone treatment lasting 10 minutes. The sensors were utilised in experiments

within 2 hours of completing this cleaning protocol.

Protocol for QCM-D use in the monitoring bacterial attachment

QCM experiments were conducted using the Q-Sense D300 (QSense, Biolin Scienti�c) system,

alongside the acquisition software QSoft 301 and the analysis software QTools. The cleaning

procedure commenced by inserting a designated cleaning sensor crystal into the chamber. A

solution of 2% sodium dodecyl sulfate (SDS) was then circulated through the loop and chamber,

with 30 mL passed through each. The system temperature was elevated to 40°C, and the SDS

solution to was left in the chamber for 30 minutes to enhance the cleaning process. This was

followed by �ushing with deionised (DI) water (40 mL Ö 2), ethanol (30 mL Ö 2), and �nally

DI water (10 mL Ö 2). Residual DI water was expelled from the system using nitrogen gas �ow,

after which the cleaning crystal was removed, and the chamber area was dried. This cleaning
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protocol was conducted both before and after each experiment.

Three distinct types of QCM-D experiments were conducted. The initial set of conditions in-

vestigated a high-nutrient environment, wherein bacteria were cultured in TSB and adjusted to

an OD600 value of 0.5 using TSB. Subsequent experiments explored lower-nutrient conditions,

where bacteria were cultured under identical conditions in TSB broth, then centrifuged and

re-suspended in R2A to attain the same OD600 value of 0.5. Finally, experiments were carried

out under no-nutrient conditions, whereby bacteria were initially cultured in TSB, centrifuged,

and subsequently resuspended in PBS to also achieve an OD600 value of 0.5.

Following cleaning, crystals were inserted into the QCM-D chamber, with the temperature

set to 25 °C. Frequency and energy dissipation signals were allowed to stabilize in PBS for 10

minutes to establish a baseline. In experiments involving bacteria suspended in growth media

(R2A or TSB), PBS was replaced with the respective growth media for an additional 10 min-

utes (this step was omitted for PBS experiments). Subsequently, PBS/R2A/TSB media were

exchanged for a suspension of cells in the respective media, allowing interaction with the sensor

surface in stagnant liquid for 24 hours at 25°C. Continuous monitoring of frequency shift (� f)

and dissipation (� D) was conducted by applying an alternating voltage across the quartz crystal

and analyzing the resulting oscillation. Data collection was performed at a room temperature of

19 � 0.5 °C. Measurements included the 3rd, 5th, and 7th overtones to account for variations in

penetration depths, as di�erent overtones have distinct depth penetration capabilities.[167] For

example, for a 5 MHz shear wave (fundamental mode) propagating in an aqueous medium, the

penetration depth is approximately 250 nm. Since the changes in resonance frequencies are pro-

portional to the overtone number the frequency and dissipation changes are normalised to their

respective harmonics (� fn/ n). Data analysis was conducted using OriginPro 2022 (OriginLab).

2.2.2 Tapping mode atomic force microscopy

Bacteria adhered to a gold substrate following QCM-D experiements were visualised using a

Molecular Force Probe 3D system (MFP-3D, Asylum Research, Santa Barbara, USA). Tap-

ping mode in air was opted for due to its capability to reduce vertical forces and eliminate

lateral forces associated with the technique, thereby safeguarding the integrity of the sample.

MLCT-BIO-DC probes (Bruker AFM Probes, Camarillo, USA) were employed. The cantilever

speci�cations provided by the manufacturer include a resonant frequency of 22 kHz, a spring

constant of 0.07 N/m, a length of 175� m, and a width of 22 µm. Manual tuning of the can-

tilever approximated the resonant frequency to be� 20 kHz. Scanning at a frequency of 0.5 Hz

facilitated the acquisition of images spanning 10� m Ö 10 � m.
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2.2.3 Fluorescence microscopy

Fluorescence microscopy was conducted on GFP-labelledS. aureus on Au-coated crystals em-

ployed in QCM-D experiments as substrates. The experimental conditions were designed to

mirror those of the QCM-D experiments, with the crystals incubated in plastic wells of identical

dimensions to the QCM-D chamber. Uniform volumes (0.5 mL) and a constant temperature

(T = 25 °C) were maintained, akin to the QCM-D setup. Following the designated incubation

period, the crystals underwent washing and drying under nitrogen. Subsequently, 20µL of PBS

was added to each sample of GFP-labelledS. aureus attached to the crystal using PBS, and

the samples were sealed with a microscope glass cover slip. Imaging was performed on a Zeiss

(Oberkochen, Germany) LSM880 AiryScan confocal microscope equipped with a 63Ö objective.

Initially, samples were located using the epi-�uorescence setting. An argon laser excited the

GFP at 488 nm, with detection limited to emission wavelengths ranging between 497 nm and

540 nm. Various image sizes were acquired for each sample: 225µm Ö 225 µm, 135 µm Ö 135

µm, 50 µm Ö 50 µm, and 25 µm Ö 25 µm.
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Investigating bacterial colonisation of

gold surfaces using QCM-D

This chapter explores the study of bacterial colonisation on gold surfaces. The technique of

QCM-D, known for its detailed insights into bacterial attachment in bu�er solutions, is funda-

mental to this research. The QCM-D crystal's total area is considerably larger than the areas

usually examined by microscopy, o�ering extensive sampling and a thorough understanding of

bacterial colonisation across a wider area. Gold is chosen for its common use in scienti�c studies,

primarily due to the basic van der Waals forces that predominantly in�uence its interactions

with bacteria.[162, 168] The central focus of this research is to assess the e�cacy of QCM-D

as a tool for long-term bio�lm studies. Initially, the study assesses the e�ectiveness of QCM-D

in analysing bacteria in nutrient-rich environments that promote strong bio�lm development,

leading to quick colonisation and bio�lm creation. After con�rming this method's e�ectiveness,

the research shifts focus to the colonisation dynamics between two prevalent pathogens�S. au-

reus and P. aeruginosa, examining the e�ects of di�erent temperatures, comparing strains ofS.

aureus, and analysing the impact of quorum sensing inhibition (QSI) onS. aureus. The QCM-D

�ndings are supported by additional experiments, including crystal violet biomass assays and

�uorescent microscopy of labeled cells. An OD600 of 0.5 is maintained for all experiments unless

speci�ed otherwise. In all QCM-D experiments, sensor signals are initially stabilised in pure

media before introducing the bacterial inoculum. Consistent with typical research practices, the

exclusion of the �rst overtone (fundamental) is due to its signi�cant time-dependent variations.

Furthermore, the middle, 5th overtone, is selected as the representative signal for some compar-

ative analyses for clarity.

3.1 The viscoelastic and adhesive characteristics of S. aureus

This section examines the potential of using QCM-D to study the interactions between the bac-

terial speciesS. aureusand a gold surface. Known for its robustness and resistance to antibiotics,

S. aureusis recognised by its spherical form[179]. As a Gram-positive bacterium, it possesses a
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thick peptidoglycan layer[180]. It �ourishes in various environments but is especially adept at

colonising human skin and mucous membranes, making it a common opportunistic pathogen and

a key subject of research[181].S. aureus uses surface adhesins, particularly microbial surface

components recognising adhesive matrix molecules (MSCRAMMs), to attach to host tissues

and inanimate surfaces[182]. These adhesins are critical during the initial attachment phase

and subsequently facilitate bio�lm formation by promoting the aggregation of bacterial cells

into stable communities.[183]

Initially, an experiment with S. aureusin PBS bu�er was performed to verify the detectabil-

ity of surface interactions under rudimentary, nutrient-poor conditions. Further experiments

were planned to explore the dynamics of these interactions in di�erent environmental set-

tings. The expected results are intended to illuminate the viscoelastic characteristics of bacterial

bio�lms and clarify their adhesion strategies, crucial for comprehending bio�lm formation pro-

cesses.

3.1.1 QCM-D monitoring of S. aureus

Phosphate bu�ered saline (PBS) closely mimics the ionic composition and pH of physiological

�uids, making it suitable for studying biological interactions such as protein adsorption, bio-

molecular interactions, or cell-surface interactions. As PBS comprises dissolved salts only, the

interaction of the bu�er with the QCM-D sensor is minimal, allowing for the changes in the � f

and � D signals to arise solely due to bacterial interaction with the surface.

Figs 3.1a and 3.1b show the time-dependent frequency,� f, and dissipation, � D, shifts re-

sulting from the interaction of S. aureus with a gold-coated QCM-D surface for a period of 24

h. The medium is 1 � PBS (162.7 mM ionic strength, pH pf 7.4). The� f of the 3rd overtone

decreased to -22.8 Hz as a result of cell interactions with the surface. This decrease in� f is

also observed for the 5th and 7th overtones, which reach lower values of -27.0 and -28.2 Hz,

respectively. The cell suspension is introduced into the system following an initial 10 minute

PBS-only baseline, as can be seen in the insert which focuses on the �rst 1 h of the experiment.

As the system transitions from �ow to non-�ow after the cell suspension is introduced, a small

partial recovery can be observed prior to the gradual decrease in� f throughout the experiment.

This recovery is seen for all overtones.

The corresponding dissipation increases to 10.6� 10� 6 for the 3rd overtone. All overtones

follow the same time-dependent trend, with successively lower values being reached with increas-

ing overtone (3.4� 10� 6 and 2.3� 10� 6 for the 5th and 7th overtone, respectively). An increase

in dissipation represents the rising viscoelasticity of the bacterial over-layer on the sensor. The

stability of the dissipation signal throughout the experiment after the initial swift increase up

to approximately 6.5 h suggests that no major changes in the sti�ness of the layer occur within

the time frame of the experiment. This is possibly due to a lack of nutrients in the environment,
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(a) Frequency

(b) Dissipation

Figure 3.1: Time-dependent frequency,� f, and dissipation, � D, response of gold-coated QCM-
D surface to S. aureusin PBS bu�er. A reference measurement in pure PBS bu�er is included.
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