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Abstract
This thesis focuses on the characterisation of microorganisms and their responses to 
poly(dimethylsiloxane) (PDMS) based three-dimensional microfluidic structures. 
Experiments based on observations of the responses of individual cells to their 
environment have the potential to make enormous contributions to cell biology and 
biomedicine. Chapter 1 presents the thesis aims. In chapter 2, an overview of 
bacteria and filamentous fungi including their physiology and motility mechanisms 
are presented. The applications of lithography techniques including soft-lithography 
for studying cells and microorganisms behaviour over flat and profiled surfaces as 
well as within microfluidic devices are also reviewed. Chapter 3 described the 
methodology for the fabrication and manipulation of the PDMS-based networks 
employed for experimentation and for data analysis.

Chapter 4 investigates the mechanisms that allow fungi to partition the space and 
negotiate micro-confined networks. Armillaria mellea has been introduced in 
networks of various shapes. A. mellea was able to grow through every network 
exhibiting similar geometry-induced mechanisms. The species growth behaviour was 
mainly influenced by the geometry of the networks which changed the tip extension 
velocity and the branching angles. The results obtained suggest that thigmotropism in 
which hyphal growth occurs is an important parameter in fungal growth dynamics. 
The hyphae could also find their way toward a network without any wall contact. 
This suggests that sensing mechanisms does not rely exclusively on thigmotropism 
but also on the integration of the extra-cellular environment.

In chapter 5 the swimming behaviour of Serratia marcescens and Pseudomonas 
stutzeri in different networks were compared to their behaviour in non-confmed 
environment. Large channels of 100 pm in width had no effect on the bacterial 
species as the bacteria swam randomly over the surface with gradual changes in their 
swimming direction and were seen to trace out circular’ trajectories. Channels of less 
than 10 pm in width could control bacterial movements in one direction and close to 
the boundaries. Complex networks of different shape not only revealed similar 
behaviour for both species but also showed the ability of bacteria to turn comer, to 
perform 360 0 turn and to follow very intricate paths. The complexity of the network 
through which the bacteria swam as well as the channels size were identified as the 
dominating factors in predicting their motility.

In chapter 6 the behaviour of S. marcescens swarming phenotype was investigated 
after modifying the extra-cellular enviromnent of the networks. Changes in the 
viscosity of the solution to 3.7 cP for channels that are 15 pm in width showed 
elongated swarming cells of a size reaching 8 pm to 10 pm in length. 10 pm wide 
channels were used to observe the swimming-swarming behaviour of S. marcescens 
within a wide range of concentration of Ficoll 400 and caused a decrease in cell 
velocity in comparison to that measured in LB broth only. The maximum cells size 
observed was 5.3 pm. Chapter 7 summarises the thesis main findings and the 
contributions in the field. Future work is also described.
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Chapter 1

Introduction

1.1 Why study microorganisms?

Microorganisms colonize inherently microstructured surfaces like soil, wood, leaf 

litter, plant and animal tissue but little is known about their growth dynamics in such 

systems. Microorganisms are both beneficial and deleterious for human activities. 

Bacteria are responsible for some life-threatening diseases like meningitis. They have 

also positive effects on our health as shown by the colonization of bacteria in our gut. 

Bacteria produce useful antibiotics; they are employed in biofuel cells and in food 

production e.g., the manufacture of butter, cheese or yoghurt where they convert 

lactose to lactic acid. Microorganisms, especially fungi, are essential in the natural 

cycle of matter as they play a vital role in re-cycling organic compounds. Fungi 

interact with living and dead organisms as well as with non-living components of the 

environment that make them a key group in the regulation of ecosystem processes. 

They are also useful in biotechnology; they serve as bio-factories for the production 

of antibiotics and enzymes for food processing. Some are a threat to humans and 

plants causing disease and economic loss in agriculture. Thus, microorganisms occur 

almost everywhere.

An important area of research is to understand the spatial aspects of population 

dynamics which is characterized by the microorganisms’ movement. 

Microorganisms that are not under stress will reproduce as fast as possible colonising 

all type of surfaces as long as nutrients are available. When the environmental 

conditions change and are against the survival of the species, behaviour changes so 

that microorganisms induce appropriate adaptive responses for survival. In this work 

bacteria and filamentous fungi are confined within three-dimensionally 

microstructured networks that mimic naturally confined spaces and their behaviour is
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quantitatively observed. The size, shape and distribution of space in enclosed 

environments exert an important influence over the dynamics of these organisms. For 

instance, it is largely unknown how bacteria grow, move, and penetrate pores of very 

small size. The effects of restricting geometry on bacterial motility have been studied 

experimentally and theoretically. These approaches trigger questions about how are 

bacteria able to propagate through constrictions and to what extent does the 

morphology of the microstructures affect the random motility of bacteria. 

Filamentous fungi grow in a highly polarized manner forming elongated hyphae. 

One gram of soil for example may contain up to 200 m of fungal hyphae (Van Der 

Heijden, Bardgett et al. 2008). For a given geometrical confinement, what are the 

spaces searching strategies used by fungi to successfully grow and survive? The 

analysis of the movement of microorganisms at the level of single cell trajectories 

aims at determining the rules of their behaviour. The knowledge of the factors 

controlling microorganisms’ movement will help to predict the flux of cells through 

various substrates.

1.2 Why use microfluidics for studying microorganisms?

The visualization of bacteria and fungi in their natural environment is difficult, 

mainly due to the nontransparency of the media they are living in. This problem can 

now be overcome through the use of microfluidics technology and 

poly(dimethylsiloxane) (PDMS). Taking advantage of the well-established 

fabrication methods of semiconductor technology (Duffy, McDonald et al. 1998, 

Menz, Mohr et al. 2001), artificial structures in the micrometre range resembling the 

spatial properties of the habitat of microorganisms can be routinely fabricated. 

Microfluidics technology can generate easy and reliable three-dimensional 

microscale structures which are transparent, non-toxic and oxygen-permeable 

(Whitesides, Otsuni et al. 2001). It is possible to generate structures close to the 

diameter of microorganisms and control the extra-cellular environment.

Fungal hyphal growth as well as bacterial movement can be readily probed and 

monitored in real time. Such systems do not need any external pumping or mixing
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but work on their own. Microfluidics is a novel and efficient mean to explore the 

microbial world. The microfluidic networks are ideal to investigate the behaviour of 

bacteria and filamentous fungi in two main respects:

(i) The networks provide a means of observing bacterial and fungal behaviour 

in an environment, which is more complex and realistic than a homogeneous 

agar surface. Natural substrates in which bacteria and filamentous fungi have 

been found (soil or wood for instance) look like labyrinths made of a variety 

and randomly distributed obstacles. Thus it is reasonable to suppose that 

movements in natural substrates are far more complex than on agar, because 

natural substrates are opaque and difficult to visualize, much of this 

complexity may have been missed. The PDMS made networks provide a 

means to re-create some of the complexity of natural environments in a 

transparent structure where the microorganisms can be directly and easily 

observed.

(ii) Natural media are heterogeneous and the enviromnent can take different 

forms which make it difficult to mimic with materials commonly available in 

microbiological lab, i.e., agar. This can now be addressed through the use of 

soft lithography associated with PDMS materials that enabled the design of a 

vast range of structures where the size, the shape and the spatial distribution 

of the features could be manipulated to match the physical dimensions of 

bacteria and filamentous fungi (Weibel, DiLuzio et al. 2007).

1.3 Thesis aims

The general aim of the project is to advance the understanding of the behaviour of 

flagellated bacteria and filamentous fungi in confined spaces through microscopy. 

There is a great deal of interest in trying to understand and quantify microorganism 

driven processes at the scale of the natural enviromnent. Studies at the microscale 

could provide a description of the factors controlling microorganisms’ activities,
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which could result in improved predictive models for microorganisms' movement in 

microenvironments.

Fungal mycelium expands through structurally heterogeneous environment, such as 

building materials, wood and soils. In those circumstances, it is difficult to obtain 

temporal data on the growth and function of fungal mycelia. In this work, artificial 

environments were designed to understand how micro-scale structures can influence 

the growth of fungal mycelia. The aim of this work was therefore to characterize in 

some detail the dynamic behaviour of Annillaria mellea, a soil-borne fungal 

pathogen of plants, in a designed enclosed enviromnent to mimic complex 

ecosystems at the micrometre scale (chapter 4). Growth parameters such as the 

branching behaviour and the tip extension velocity were compared in confined and 

unconfined environments. Accordingly, the research was designed as follows:

(i) Observation of the fungal cells on agar surfaces and on unstructured 

PDMS (not impeded with microstructures) followed by observation of fungal 

growth through the microstructure using light microscopy. In the former set 

of experiments, the branching behaviour and the tip extension velocity were 

measured. In the latter set of experiments, the species was challenged by 

microchannels to evaluate its exploratory strategy. The branching behaviour, 

that is the brandling angle and the distance between two branches, and the tip 

extension velocity were measured.

(ii) Evaluation of the effect of the confinement on the species behaviour by 

statistical analysis.

Attraction of bacterial cells to boundaries within artificial environment can 

potentially affect the cell’s ability to rotate, maintain an optimal speed or direction 

which in turn will be beneficial for disrupting aggregation of bacteria as seen for 

example in biofilm formation or for improving bioremediation of hazardous waste in 

the environment. Bacterial movement is determined by their motility parameters i.e. 

run time and turn angle, and will be investigated in this thesis in two bacterial species
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- Serratia marcescens and Pseudomonas stutzeri, two naturally occurring soil 

bacteria that differ in their arrangement of flagella (one peritrichously flagellated, the 

other polarly flagellated) - to also distinguish the role of flagellar placement on 

swimming patterns (chapter 5). The aim of the study of bacterial motility was 

therefore (i) to investigate quantitatively the influence of confinement on the growth 

of S. marcescens and P. stutzeri cells in microchannels filled with a nutrient rich 

medium and (ii) to observe how the micro-confinement modulates the motility, the 

run and tumble frequency and the boundary accumulation for the two species. 

Through observation by light microscopy and tracking of the cells in two- 

dimensions, cell velocity and their growth pattern will be determined.

Serratia marcescens is an example of flagellated bacteria that show a phenotype 

referred as ‘swarming’. Swarming motility occurs when cells are in contact with a 

surface, the cells measure 5 pm to 30 pm in length and are hyperflagellated. The 

behaviour of S. marcescens was studied within a viscous enviromnent (i) to observe 

the behaviour of elongated cells at the microscale and (ii) to observe the switch from 

a swimming phenotype to a swarming phenotype (chapter 6).

1.4 Journal publication and conference proceedings 

Chapter 4:

Held, M., BinzJVL, Edwards, C. and Nicolau, D.V., Nicolau, ‘Dynamic behaviour of 

fungi in microfluidics : a comparative study.’, In Imaging, Manipulation, and 

Analysis of Biomolecules, Cells and Tissues VII, pp. 718213-718219, SPIE, San 

Jose, CA, USA (2009).

Held, M., Binz, M. and Nicolau, D.V., ‘Intelligence - A fungal perspective.’ in 7th 

Annual Conference and Postgraduate Day, UKSB, Liverpool (2008).
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Chapter 5:

BINZ, M.. LEE, A.P., EDWARDS, C. and NICOLAU, D.V., 2010. Motility of 

bacteria in microfluidic structures. Microelectronic Engineering, 87(5-8), pp. 810- 

813.
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Chapter 2

Literature-Review

2.1 Bacteria

Bacteria are minute organisms unknown until the development of the single-lens 

microscope in the 17lh century by Antoni van Leeuwenhoek (Porter 1976) who 

obtained a resolving power from his lenses that was greater than the early compound 

microscope. In 1674, he made the first observations of microbes. He described them 

as “very little animalcules” in a series of letters to the Royal Society of London 

between 1674 and 1723.

2.1.1 The bacterial cell

Bacteria along with archaea are the oldest living organisms on the Earth and have 

evolved nearly 4 billion years ago from a common ancestor. A bacterium is a single, 

autonomous cell with a prokaryotic organization and dimensions ranging from 0.5 

pm to 10 pm. The cell lacks a cell nucleus, cytoskeleton (Gitai 2005), and organelles 

such as mitochondria and chloroplasts (Berg, Tymoczko et al. 2002). Before the 

1950s and the development of the electron microscope, prokaryotic cells were seen 

as cells of very simple construction and described as a “bag of enzymes”. The 

general structure of a bacterium is presented in Figure 2.1.
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Figure 2.1: Structure of a bacterial cell (© Mariana Ruiz, 2008).

Bacteria have a complex cell wall and a plasma membrane that can form 

invaginations. The cell wall and the plasma membrane are separated by a periplasmic 

space. The interior of a bacterial cell contain the cytoplasm, the genetic material as 

well as ribosomes and inclusion bodies. Many cells are surrounded by a capsule or a 

slime layer. The motility of bacteria is possible by the use of flagella.

Many bacteria are rod (bacilli) or round (cocci) shaped but also form spirals or 

helices (Figure 2.2). Cells with rigid spirals are called spirilla and those with flexible 

spirals are called spirochetes. Besides rod or coccus shape, bacteria can form long 

multinucleate filaments or hyphae that may branch to produce a mycelium as seen in 

actinomycetes. Some species have flat cells and are called "square bacteria*. For a 

given species, the cells are usually unifonn in shape but in some species, the shapes 

of the cells are variable and lack a characteristic form. The bacteria are called 

pleiomorphic. Coccal cells can exist as individual cells but also form characteristic 

association. When cocci divide but remain together in pairs the resultant association 

is called diplococci (e.g., Neisseiria). When more than two cells adhere together, 

different pattern are possible. In the genus Streptococcus for example cells adhere 

after multiple divisions in one plane. In Staphylococcus the cells divide in different
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planes and form irregular grapelike clusters. Some clusters are symmetrical. In the 

genus Micrococcus, the cells divide in two planes and form groups of four cells 

called tetrads. In the genus Sarcina, cells divide in three planes and form cubical 

packets of eight cells. The other common shape is the bacillus shape that looks like a 

rod. Bacillus shaped bacteria differ in their length-to-width ratio. Some bacterial cells 

are so short and wide that they look similar to cocci (coccobacilli). The shape of the 

rod often varies and may be flat, rounded, cigar-shaped, or bifurcated. Similarly to 

cocci, bacilli can form pairs or chains (e.g.. Bacillus megaterium forms long chains).

Cocci Others

o oo

Bacilli

O CZ)

StraptobaclHi
Budding and appendaged bacteria

C C >■ r**^------Ihypha ^------.talk

enlarged rod
Fusotwctenim

<?-i9
Comma's form

• dvlovfano

Rlamentous spirochete

Figure 2.2: The variety of shape of bacteria (© Mariana Ruiz, 2006).

The bacterial cells possess three regions:

Cell envelope

The cell envelope consists of the capsule, cell wall and the plasma cell membrane. 

According to the composition of the cell walls, bacteria are divided into two further 

groups Gram-positive and Gram-negative. The differentiation depends on a 

colorimetric reaction with a crystal violet-iodine dye complex developed by 

Christian Gram in 1884. Cells with many layers of peptidoglycan can retain the stain 

and are called Gram-positive. Gram-negative bacteria have only one or two layers of
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peptidoglycan and cannot retain the stain. The Gram-positive bacteria’s cell wall is 

thus made from a very thick layer of peptidoglycan (up to 40 layers). This layer 

which is located beyond the cell membrane confers enormous mechanical strength to 

the cell wall. Apart from peptydoglycan, the cell wall contains polymer like teichoic 

and teichuronic acids. The Gram-negative bacteria’s cell wall is more complex but 

contains less peptiglycan layers (only one or two layers) located beyond the 

periplasm. Gram-negative bacteria are thus mechanically weaker than Gram-positive 

cells. The periplasm is above the cell membrane and is full of proteins including 

enzymes. Outside this thin peptidoglycan layer in Gram-negative bacteria is a 

membrane layer termed the outer membrane that contains lipopolysaccharide that 

provides the antigenic structure of the surface. Some bacteria have a layer of material 

localised around the cell wall e.g. a well organized layer that cannot be easily 

removed is called a capsule. Another type of layer is called the slime layer, which is 

a zone of diffuse, unorganized material that can be easily removed. Capsules and 

slime layers are composed of polysaccharides and other materials. Capsules confer to 

bacteria a protection against phagocytosis or against desiccation.

Appendages
The appendages consist of the flagella and the pili otherwise known as the fimbriae. 

Some Gram-negative bacteria are covered in fine hair called fimbriae or pili 

composed of proteins that help the bacteria to adhere to surfaces, substrates and other 

cells or tissues in nature (Beachey 1981). The flagellum is responsible for the 

motility of bacteria and may confer pathogenicity. The flagellum is a flexible protein 

structure about 20 nm in diameter and up to 20 pm in length (Kojima, Blair 2001).

Bacteria that carry a single flagellum are called monotrichous. The ones that possess 

many flagella at one end of the cell are called lophotrichous. When the bundle of 

flagella appears at both ends of the cell, the bacterium is amphitrichous and when 

bacteria are covered with flagella all over the cell body, they are said to be 

peritrichous (Figure 2.3).
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Figure 2.3: The arrangement of flagella. A: monotrichous. B: lophotrichous. C: amphitrichous. D: 

peritrichous (© Mike Jones, 2006).

Cytoplasmic region

The cytoplasmic region comprises the chromosome (DNA), the ribosomes and other 

various sorts of inclusions. This region of bacterial cells contains the bacterial 

chromosome (nucleoid) which is typically one large circular molecule of DNA 

(Thanbichler, Wang et al. 2005). Sometimes bacterial cells possess smaller 

extrachromosomal pieces of DNA called plasmids. The total DNA content of a cell is 

referred as the cell genome. Ribosomes are composed of proteins and RNA. The 

cytoplasmic region contains also some kind of granules referred to as inclusions.

Bacterial growth

Bacteria grow by asexual binary fission. In the laboratory, they are cultured and 

maintained either on solid agar or in liquid media. When cells are introduced into 

growth media, cell division may not begin immediately. This phase is called the lag- 

phase which is a period of adaptation of the organism to the medium. Once adapted 

the cells grow and divide; this is the exponential phase which corresponds to rapid 

growth at constant rate. As they grow the cells use the nutrients available in the 

medium and produce waste products of metabolism. The consequence is that growth
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slows down due either to the lack of nutrients or to the accumulation of waste 

products. This phase is called the stationary phase. The stationary phase can lead 

progressively to the death phase when no nutrients are available (Prats, Lopez et al. 

2006).

For optimal growth, a bacterium needs nutrients, a source of energy, water, an 

appropriate temperature, an appropriate pH, presence or absence of oxygen and 

inorganic ions. The basic requirements for heterotrophic bacterial cells include 

various carbon sources such as sugars, carbohydrates, amino acids, sterols, alcohols 

or hydrocarbons. Energy is needed for the chemical reactions that take place within 

the cell but also for flagellar motility. Phototropic species use light as an energy 

source whereas chemotrophic species use chemicals available from the enviromnent. 

During bacterial growth nutrients and waste products enter or leave the cell in 

solution so bacteria need to live on materials which have available water. For a given 

type of bacterium, temperature can increase or decrease the velocity rate. 

Thermophilic bacteria have an optimum growth above 45 °C. Mesophilic bacteria 

grow between 15 °C and 45 °C, psychrophilic grow below 15 °C and psychrotropic 

bacteria are able to grow at temperature between 0-5 °C but also around 20 °C. Most 

bacteria grow best at a pH around 7 but some species are able to survive at higher pH 

(alkalophiles) and at lower pH {acidophiles). Some bacteria need oxygen {aerobes) 

for their growth other bacteria need the absence of oxygen {anaerobes) to grow. All 

bacteria except halophiles bacteria need inorganic ions at low concentration to grow.
Q_i_

Ions have various regulatory functions. For example Ca ions play a role in 

chemotaxis and sporulation in Bacillus subtilis (Shemarova, Nesterov 2003).

Bacteria also form colonies and can be found in communities, like biofilms (Donlan, 

Costerton 2002) and fruiting bodies (Shimkets 1999). During biofilm formation, 

free-swinuning or floating bacteria land on and bind to a surface. Cells communicate 

by signalling molecules, begin to multiply and form a microcolony. The aggregated 

cells start synthesizing a sugary, slime layer. Living and fully hydrated biofilms are 

composed of cells (±15 % by volume) and of matrix material (± 85 % by volume). 

The slime prevents bacteria from drying out, and may also improve nutrient access
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and waste elimination. Within planktonic culture solute is carried by the bulk flow of 

a fluid, inside biofilm diffusion is the predominant transport process within cell 

aggregates (Stewart 2003). The cells are located in matrix enclosed “towers” and 

“mushrooms” and within the slimy matrix cells can exist in complex communities. 

Open water channels are interspersed between the microcolonies that contain the 

sessile cells (Lawrence, Korber et al. 1991). The biofilm also protects bacteria from 

antibiotics and toxins. The centre of the microcolony becomes anaerobic and cells 

may exist in a dormant state. Some cells break free from the biofilm and may then 

establish at another site.

One of the responses of bacterial cells to changes in the enviromnent is the formation 

of a heat and desiccation-resistant cell morphology called spores. Spore formation is 

generally induced by nutrient depletion and spores are less active than vegetative 

cells. In myxobacteria, like M xanthus for example, spore formation is coupled to 

the formation of multicellular fruiting bodies (Shimkets, Bran 2000). Fruiting body 

formation depends on intercellular signalling and coordinated changes in gene 

expression, as well as on the coordinated motility behaviour of cells.

Prior to the formation of colonies or communities, some bacterial species can 

communicate with one another. This process is called quorum-sensing. When a 

population of cells grows, all the cells secrete signal molecules called autoinducers. 

If the cell density reaches a certain minimum {quorum) these molecules will reach a 

concentration sufficient to activate certain genes within the cells. Different bacteria 

may produce different autoinducers which regulate different characteristics. In Vibrio 

fischeri for example in a high-density population the lux genes are induced and the 

bacteria produce luminescence. Vibrio fischeri colonizes the light organ of the 

Hawaiian squid Euprymna scolopes. The colonization is beneficial for the squid that 

uses the light to avoid predation. Most Gram-negative quorum sensing is mediated 

by iV-acylhomoserine lactone (AHLs) signalling molecules.
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2.1.2 Bacterial Motility

Bacteria are found almost everywhere, in the air, soil, water, inside and on different 

organisms. They respond to changes in their environment like temperature, light 

intensity, or chemical composition. Most motile bacteria achieve their motility by use 

of flagella (Macnab, Aizawa 1984). Bacterial flagella were first seen in 1836 by the 

German naturalist Christian Ehrenberg during work observing Chromatium okenii. 

The five different types of motility are swimming, swarming (with flagella), gliding 

with pili (twitching), gliding without pill and sliding (Bardy, Ng et al. 2003).

Swimming and swarming (with flagella)

Bacteria like E. coli for example swim in liquid media. On average five to eight 

flagella emerge at the surface of the cell body. Each flagellum is driven by a motor at 

their base. When all the flagella form a bundle and turn counterclockwise (CCW), 

the resulting movement is called a run. When the motor turns in the clockwise (CW) 

direction, the cells tumble and choose a random direction. The switch between CCW 

and CW modes is due to chemotaxis. In a constant environment a run lasts 

approximately Is and a tumble 0.1 s. When a cell runs toward a source of nutrient the 

tumbling frequency decreases. Alternate swimming and tumbling results in a three- 

dimensional random walk and cell speeds reach 30 pm/s. Swimming is an individual 

behaviour whereas swarming involves a group of cells. Swarmer cells like S. 

marcescens exhibit a different phenotype in comparison to swimming cells. Cells are 

elongated and hyperflagellated (> 50). The movement requires a wet surface and can 

be demonstrated in vitro using a specific concentration of agar (0.7 - 0.8 %). The 

cells invade a surface in a radial maimer. Bacteria can often “switch” between these 

two types of motility depending on the fluidity of the surrounding environment. 

Swarming motility has been shown to be widespread among flagellated bacteria and 

it has been suggested that this behaviour plays an important role in bacterial 

pathogenesis and biofilm formation (Fraser, Hughes 1999).
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Other types of motility (without flagella)

Gliding with pili or twitching make the bacteria move forwards and backwards 

(Henrichsen 1972). Twitching require retraction of type IV pili as for some forms of 

gliding. The movement is seen when bacteria are in contact with a solid surface 

(Bradley 1980).

Gliding is a smooth form of motion and occurs only when cells are in contact with a 

solid surface. Gliding may occur when nutrient levels are low. The mechanisms 

driving some forms of gliding are still unknown. As it moves the gliding cell leaves a 

‘slime trail9 (McBride 2001). Matsuyama, Bhasin et al. 1995 studied the spreading 

behaviour of S. marcescens 274 on low-agar medium. They concluded that spreading 

is a passive translocation dependent on the presence of serrawettin W1 (a nonionic 

biosurfactant) and independent of the presence of chemotaxis functions. 

Biosurfactants enable bacteria to spread by loosening the water containment force 

acting on bacteria at the expanding colony front (Matsuyama, Tanikawa et al. 2011).

The flagellum and the rotary Motor

A flagellum is a filamentous protein structure attached to the cell surface of a motile 

bacterium (Figure 2.4). Due to the flagellum, a bacterium is able to swim in fluids. 

The flagellar apparatus consists of three structures composed of different proteins:

(1) The flagellar filament is a left-handed helical filament. The flagellar 

filament is a polymer of the flagellin protein called FliC which terminates in a 

filament cap called FliD. The filament can be 15 pm long with a diameter of 

12-25 nm and is connected to a region called the hook.

(2) The hook is a polymer consisting of the FlgE protein and the hook- 

filament junction proteins FlgK and FlgL.

(3) The basal body and the motor components.

The basal body consists of four ring-shaped proteins distributed around a 

central rod that is anchored in the cell envelope of Gram-negative and Gram-
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positive bacteria (DePamphilis and Adler, 1971). The rotary motor of the 

flagellum consists of a stator (MotA and MotB) and a rod (FlgB, FlgC, FlgF 

and FlgG). The components of the stator are stationary and embedded in the 

basal body. The rotor consists of FliG attached to the MS-ring (FliF). The 

rotor and the stator together generate torque. The flagellar motor rotates due 

to a proton motive force in which the protons go through the channels, MotA 

and MotB, provoking a conformational change in the stator which makes the 

rotor turn. The direction of rotation of the motor is controlled by the C-ring 

(FliG, FliM, and FliN) (Berg, 2000). Gram-negative marine Vibrio spp. have 

motors that are driven by sodium ions rather than protons (Berg 2002).

Filament can - FliDA

Proximal rod

Figure 2.4: The components of bacterial flagella (Copeland, Weibel 2009).

2.1.3 Motility and chemotaxis

Different kinds of taxis have been identified including chemotaxis (movement in 

response to chemicals), phototaxis (movement in response to light), magnetotaxis 

(movement in response to a magnetic field), gravitaxis (movement against or with 

gravity), and thermotaxis (movement in response to temperature).
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In 1884 Wilhelm Pfeffer in Tubingen and Theodore Engelman in Utrecht did work 

on bacterial motility. Theodore Engelman studied the response of swimming bacteria 

to light, carbon dioxide or oxygen whilst Wilhelm Pfeffer studied the response of 

bacteria toward a variety of chemicals using a capillary assay. He thought that the 

bacteria were able to navigate toward the mouth of a capillary tube containing a 

chemical attractant and used the term “chemotaxis” to describe the phenomenon 

(Berg 1975). With Julius Adler in the 1960s, the modern era of work on bacterial 

behaviour started. Escherichia coli was the organism of choice because a lot was 

already known about the biochemistry and increasingly the molecular biology of this 

organism. Adler published his first paper on the subject, “Chemotaxis in Escherichia 

coli” in 1965 (Adler 1965). The paper included an electron micrograph of E. coli 

with 5 flagella. In 1969 he showed that E. coli have chemoreceptors using a capillary 

assay introduced earlier by Wilhelm Pfeffer (Adler 1969). Since this early pioneering 

work, it is now known that some pathogenic organisms are motile and others are not. 

The importance of motility and chemotaxis for pathogenicity is still a matter of 

active study, although the common belief is that for a given species, motile cells are 

more virulent then non motile ones. Chemotaxis offers a cell an enormous advantage 

for long-range migration, which might be expected to play an important role in 

invasiveness.

2.1.4 The bacteria species used in this thesis

Serratia marcescens

Serratia marcescens is a facultatively anaerobic, motile, rod-shaped Gram-negative 

bacterium which is peritrichously-flagellated. The cell is typically 0.9 to 2 pm long 

and 0.5 to 0.8 pm in diameter, and is a member of the family Enterobacteriaceae. 

The bacterium occurs naturally in soil and on plant surfaces and it is able to colonize 

a wide variety of surfaces in the digestive tracts of rodents, fish, insects and humans 

(Table 1.1). The bacterium is pathogenic and causes nosocomial infections 

particularly in immuno-compromised patients (Grimont, Grimont 1992). 

Additionally the bacterium is responsible for spoilage of various foods. Serratia 

marcescens was identified at the beginning of the 19th century. Serratia in honour of
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an Italian physicist named Serafino Serrati and marcescens from the Latin word ‘for 

decaying’ because the blood pigment of the colonies found on polenta deteriorated 

quickly. In liquid media the bacterium typically undergo a “run-and-tumble” random 

walk (three-dimensional random walk) biased by extracellular signals including 

chemo-attractants and chemo-repellents (Berg, Brown 1972, Nicolau Jr, Burrage et 

al. 2008, Wadhams, Armitage 2004). Alternatively S. marcescens is able to swarm in 

a concerted, quorum sensing directed manner when the viscosity of the extra-cellular 

enviromnent changes. Swarm cells are elongated, multinucleated, aseptate and 

hyperflagellated and differ in size from the non-swarming variant.

Pseudomonas stntzeri
Pseudomonas stutzeri was first described by Burri and Stutzer at the end of the 19th 

century (Burri, Stutzer 1895, Van Niel, Allen 1952). P. stutzeri is a Gram-negative 

bacterium that can be found in different ecological niches (soil, rhizosphere or 

groundwater); it has also been isolated as an opportunistic pathogen from humans. P. 

stutzeri belongs to the class of Gamma-proteobacteria. The cells are rod shaped and 

measure 1 to 3 pm in length and 0.5 pm in width and have a single polar flagellum 

(Table 2.1). In some strains lateral flagella are also produced. It has been suggested 

that lateral flagella might be involved in the species’ swarming and twitching 

motility on solid surfaces. The species does not produce fluorescent pigment in 

contrast to the other members of the fluorescent group of Pseudomonas spp. The 

species is highly chemotactic. Although P. stutzeri possesses both flagella and pili, 

the bacterium has not been described as forming natural biofilms. In monotrichously 

flagellated bacteria; the rotation of the flagellum in CW and CCW lasts for about the 

same time and the two modes are alternately repeated. There is a rapid switching 

(brief stop) then the cells reorient randomly. Cells can reach a speed of- 70 pm/s.
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Servatia marcescem Pseudomonas stnlzeri

Shape Rod-shaped Rod-shaped

Dimensions 0.9 to 2 pm long

0.5 to 0.8 pm in diameter

1 to 3 pm long

0.5 pm in diameter

Arrangement of flagella peritrichous monotrichous

Environment Soil, plant surfaces,

Digestive tract (rodents, fish,

insects, humans)

Soil, groundwater,

rhizosphere

Table 2.1: Comparisons between the two bacterial species.

2.2 Filamentous fungi

Fungi are eukaryotic, heterotrophic organisms with an absorptive mode of nutrition. 

Most fungi are both unicellular and multinucleate, with rigid chitinous cell walls. 

They usually exhibit yeast-like or mycelial growth habits. The most intensively 

studied fungi are the unicellular yeasts Saccharomyces cerevisiae and Candida 

albicans and the filamentous fungi Neurospora crassa and Aspergillus nidulans.

2.2.1 Development of a fungal colony

The basic extension unit of filamentous fungi is the hypha. Fungal hyphae are tube

like structures containing a moving slug of protoplasm and an apical region 

composed of individual cells (Figure 2.5). Hyphae grow only at their tips. Behind 

the growing tip, the hypha ages progressively. While the tip is growing, the 

protoplasm moves continuously from the older regions of the hypha towards the tip. 

The cytoskeletal components have emerged as the strongest candidates for the 

driving force for apical growth (Bartnicki-Garcia 2002). The growth of hyphal cells 

allows the exploration and efficient colonization of new environments. The hyphal 

growth of filamentous fungi begins by spore germination and spreads uni- 

directionally from the point of inoculation due to the apical extension and branching 

events, which lead to a mycelium formation (Bartnicki-Garcia 1973). The beginning 

of hyphal formation is either spore germination or the hyphae originate from another
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hypha during branch formation. “The duplication cycle” is a term introduced by 

Fiddy, Trinci (1976) to describe the events of growth and division of individual cells 

within multicellular hyphae. The term makes a distinction from the cell cycle where 

daughter cells are completely separate (Trinci 1978). The duplication cycle in 

Aspergillus nidulans is well-known (Harris 1997). A uninucleate spore permits the 

formation of multinucleate hyphal cells because cell division “occurs” through the 

formation of cross walls termed septa. The hyphae of most fungi have cross walls or 

septa at regular intervals. One of their main roles seems to be to enable the 

differentiation of a hypha into a continuous series of compartments. Septum 

formation is similar to a certain extent with tip growth because for both, a division 

site must be specified and the biosynthesis of new wall material occurs. Apical tip 

cells progress through the duplication cycle and maintain their polarized axis of 

growth whereas sub-apical cells seem to enter a period of mitotic quiescence before 

establishing a new polarity axis and initiate new branch formation.

The mycelium grows by hyphal extension, and by branching. The branching gives 

the colony its circular shape. Molin et al. (1992) described the microscopic 

characteristics of hyphal growth within the mycelium. They showed that the colony 

extension includes the growth of hyphae in a fixed direction. The fungi exhibit a 

tropic behaviour’, meaning that obstacles in their way can divert their growth 

direction, but the fact that they show a tendency to maintain their growth direction 

seems to be independent from external stimuli (Riquelme, Reynaga-Pena et al. 

1998). Additionally, Bottone et al. (1998) showed that fungi extend in a 

unidirectional radial way avoiding back growth.
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Figure 2.5: Hyphal ultrastructure (© Vicki Tariq, 2011).

2.2.2 Ultrastructural organisation of the hyphal tip

Spitzenkorper - Vesicle Supply Center

Fungal hyphae are cytologically interesting because growth is restricted to the tip. 

Girbardt examined the hyphal tips of higher fungi (Oomycetes, Zygomycetes, 

Ascomycetes, Basidiomycetes, and Deuteromycetes) by light and electron 

microscopy, and he observed that the differences between growing and non-growing 

regions are in the internal organization of the cells (Girbardt 1957, Girbardt 1969). 

An apical body called the “Spitzenkorper” was observed in various fungi. Brunswik 

in 1924 originally described this ultrastructural organization and concluded that the 

Spitzenkorper was involved with apical growth of hyphae. Girbardt described the 

Spitzenkorper and showed that it is present in growing hyphal tips, and forms at 

spore germination and branch formation sites. He was the first to notice that the 

Spitzenkorper position correlates with the direction of hyphal elongation. The use of 

transmission electron microscopy (TEM) made it possible to analyze the 

ultrastructural organization of hyphal tips. The Spitzenkorper is a complex, multi 

component structure which contains vesicles of different sizes (Grove and Bracker 

1970, Bartnicki-Garcia 1987). Elements such as vesicles of various kind.
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microfilaments, microtubules, and ribosomes, are generally present in the 

Spitzenkbrper but not all of them are present in every species or permanently in a 

single species (Lopez-Franco, Bracker 1996). Additionally the Spitzenkbrper 

composition varies through time. In the 1990s the work from Reynaga Pena et al, 

1997 and Lopez-Franco, Bracker 1996 showed that changes in the direction of 

hyphal growth are anticipated by changes in the position of the Spitzenkbrper. There 

are strong indications that the Spitzenkbrper serves as a site that collects vesicles 

arriving from the subapical region of a hyphae before they fuse with the cell 

membrane to produce new cell wall surface (Bartnicki-Garcia 1990). More recently, 

the use of the amphiphilic styryl dye, FM4-64, which stains vesicles within the 

Spitzenkbrper and confocal microscopy, have shown how dynamically vesicles 

accumulated at the Spitzenkbrper (Fischer-Parton, Parton et al. 2000, Dijksterhuis 

2003).

According to a mathematical model of fungal morphogenesis (the hyphoid model), 

the Spitzenkbrper acts as a vesicle supply center (VSC), this is a vesicle collection 

site that emerges from the sub-apical region, and is involved in cell surface 

expansion (Bartnicki-Garcia, Hergert et al. 1989). The mathematical model is 

proposed to explain the tubular shape of the fungal growing tip based on secretory 

vesicles. The model considers that (i) wall-destined vesicles are responsible for wall 

extension; (ii) the VSC released the vesicles, (iii) the vesicles move from the VSC to 

the surface in any random direction. The position and movement of the VSC 

determine the shape of the tip. A stationary VSC releases vesicles that reach the cell 

surface in about equal numbers in all directions, and the cell grow as a sphere. Any 

displacement of the VSC from its original central position distorts the spherical 

shape. A sustained linear displacement of the VSC generates the typical cylindroids 

shape of fungal hyphae. The model yields the equation:

y = x cot (V. x / N), (I)

which defines both the shape and size (diameter) of a hypha by two parameters: N, 

the amount of wall-destined vesicles released from the VSC per unit time; V, the rate
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of linear displacement of the VSC. The ratio N / V defines a parameter in a hypha: 

the distance (d) between the VSC and the apical wall. Equation (I) becomes:

y = x cot (x / d), (II)

The value d can be calculated from published micrographs with two measurements: 

(i) the diameter of the hyphae at any given point and (ii) the distance of this point 

from the hyphal tip. The d value was used to plot curves as shown in Figure 2.6 

which coincides with the originally marked position of the Spitzenkorper (Spk).

Figure 2.6: Electron microscopic profile of Armillaria wellea. There is a close correlation between the 

VSC (predicted by Equation (I)) and the Spitzenkorper (SK) delineated by the arrows (Bartnicki- 

Garcia, Hergert et al. 1989). Bar= 1 (ini.

Bartnicki-Garcia et al. confirmed that the linear displacement of a VSC gives hyphae 

a cylindrical shape by testing the hyphoid model on the fungus Rhizoctonia solani 

(Bartnicki-Garcia, Bartnicki et al. 1995). The similarity of profiles between the living 

hypha and the computer-generated simulation of hyphal morphogenesis supports the
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idea that the Spitzenkorper is the structural and functional equivalent of the 

hypothetical VSC. The work by Reynaga-Pena on apical branching in Aspergillus 

niger, supports the hypothesis that the Spitzenkorper acts as a VSC and coordinates 

the movement of wall-building vesicles (Reynaga-Pena, Gierz et al. 1997).

Mechanisms of polarized growth are maintained by cytoskeletal function and 

directed exocytotic events. The importance of the cytoskeleton in hyphal 

morphogenesis is well established (Bartnicki-Garcia 2002). Microtubules are 

primarily responsible for long-distance transport of secretory vesicles to the 

Spitzenkorper while actin microfilaments primarily control the organization of the 

vesicle within the Spitzenkorper as well as transport to the plasma membrane. 

Immunolocalization studies and phalloidin staining have shown the presence of actin 

in the Spitzenkorper and at the hyphal apex (Bourett, Howard 1991, Srinivasan, 

Vargas et al. 1996, Virag, Griffiths 2004). TEM data suggest that the Spitzenkorper 

may function as a microfilament-organizing center. The y-tubulin, which is normally 

associated with a “microtubule organizing center” (MTOC) was immunolocalized 

within the Spitzenkorper of Allomyces macrogynus (McDaniel, Roberson 2000). For 

now no y-tubulin was found in the Spitzenkorper of higher fungi.

2.2.3 Polarized growths and branching

Branching is the initiation of a new centre of polarized growth resulting in cell 

extension which is a continuous and indefinite process (Riquelme, Fischer et al. 

2003). Tliis is why fungi are able to exploit and colonize new substrates. The process 

includes establishment of polarity then its maintenance. Establishment of polarity 

means that a spot is chosen for germ tube emergence from a spore and branch 

emergence from a hypha. Polarity maintenance depends on materials and machinery 

for making new plasma membrane and cell wall because these are responsible for 

germ tube emergence, apical extension and septation (Harris, Momany 2004, Harris, 

Read et al. 2005).
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The two distinctive features of filamentous fungi are branching and tip growth 

(Heath 1995). Filamentous fungi have the ability to extend over long distances 

because they branch regularly and maintain a fixed growth direction (Riquelme, 

Reynaga-Pena et al. 1998). The apical cells are generally engaged in nutrient 

acquisition and sensing of the surrounding environment, whereas sub-apical cells are 

involved in the formation of new filaments by branching. Fungi exhibit two different 

branching patterns. When a branch appears at the tip, the branching pattern is called 

apical or dichotomous branching. This could be triggered by perturbations that slow 

extension of hyphal tips without interrupting the flow of exocytic vesicles through 

the cytoplasm. The abnormal accumulation of vesicles leads to the formation of a 

new tip (Katz, Goldstein et al. 1972, Trinci 1974). In lateral branching, new branches 

appear behind the growing tip. Work by Riquelme and Bartnicki-Garcia, 2004 

distinguished lateral branches from apical branching in Neurospora crassa. Lateral 

branching seems to be associated with the presence of a Spitzenkorper at the branch 

site, whereas apical branching is linked to the loss of the Spitzenkorper at the hyphal 

tip. Lateral branching occurs only far from the tip; this is consistent with the fact that 

the hyphal tip does not allow branch formation and exhibit a phenomenon called 

apical dominance (Schmid, Harold 1988, Semighini, Harris 2008). The mycelium 

organization would otherwise be disturbed with uncontrolled branching patterns.

Two models have been presented that could explain how the selection of branching 

sites occurs - “The septum as a barrier” (Trinci, 1978) and the “spontaneous 

polarization model” described in S. cerevisiae (Wedlich-Soldner, Altschuler et al. 

2003, Altschuler, Angenent et al. 2008). In the former model, new branches emerge 

adjacent to septa which serve as a barrier that provoke an accumulation of exocytic 

vesicles. In the latter model, lateral branching is characterized by the apparent 

absence of an association between septation and branching. The branching site could 

in this case result by the stochastic accumulation of vesicles at a cortical site.

In order to understand the molecular basis needed for tip growth and branch 

formation, efforts have been based on cytological, ultrastructural and genetic 

approaches, which include the use of branching mutants. Actin and calcium seem to
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play a role in the process (Heath 1995, Grinberg, Heath 1997, Hyde, Heath 1997) as 

well as tip growth vesicles (Bartnicki-Garcia, Hergert et al. 1989, Trinci 1974, 

Prosser, Trinci 1979). In Neurospora crassa more than 100 loci were found to have 

an effect on branching and tip growth. Watters, Griffiths 2001, Watters, Humphries 

et al. 2000, Watters, Virag et al. 2001 studied these mechanisms in Neurospora 

crassa by studying their dependence on temperature and nutrient concentration and 

also presented a model for lateral branch initiation. The model showed that a branch 

is initiated when the concentration of vesicles that accumulate at the tip reaches a 

certain threshold.

2.2.4 Sensing the environment (tropism)

Living organisms sense and respond to the environment. The process is divided into 

three steps: reception, transduction and response pathways. The external stimuli are 

converted into molecular signals. Fungi sense their environment; they can sense 

light, gases, chemicals and surfaces (Bahn, Xue et al. 2007). Research shows the 

ability of hyphae to change their growth direction (tropism) in response to external 

stimuli, such as electrical fields or topographical cues. Thigmotropism is a movement 

in which an organism moves or grows in response to touch or contact stimuli. This 

behaviour is observed in some plant-pathogen fungi. It has been suggested that 

stretch activated (SA) ion channels may be involved in the process. For example in 

Uromyces, SA channels seem to be involved in the sensing of substrate topography 

and induction of appressorium formation (Zhou, Stumpf et al. 1991, Hoch, Staples et 

al. 1987). A similar study with C. albicans showed less response from hyphae to the 

surface in presence of an SA channel inhibitor (Watts 1998), Aspergillus niger, a soil 

filamentous fungus, did not show thigmotropism under normal conditions. Bowen et 

al. studied the factors that induced such a response in hyphae through topographical 

cues and nutrient availability (Bowen, Davidson et al. 2007). The sensitivity of the 

thigmotropic response appeared to increase under low nutrient conditions and caused 

a deflection of the hyphal apex to the right or the left. The work showed as well that 

the extreme hyphal tip became insensitive to any topographical variations in a 60 ° 

arc. The best studied sensory areas are phototropism and chemical-signalling
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processes (Herrera-Estrella, Horwitz 2007). Light provides fungi with information 

about orientation and spore dispersal.

2.2.5 The filamentous fungus used in this thesis

Armillaria mellea

Armillaria species is a common plant pathogenic Basidiomycete, which causes white 

rot in both hardwoods and softwoods (Fox, 2000). Many Armillaria species are tree 

pathogens and their biology, genetics and ecology are well known. The genus 

comprises at least 40 species, which differ in their pathogenicity (Brulin 1998, 

Mwenje, Ride 1996). Previous studies focussing on their molecular genetics aimed to 

investigate secondary metabolites related to the species’ virulence (Misiek, 

Hoffmeister 2008). Such studies are important because A. mellea causes economic 

loss in many countries and is responsible for damage in native or managed forests. It 

is important to investigate the properties of this species to know how the genus 

Armillaria interacts with its environment.

A particular feature of this species is that it forms rhizomorphs (aggregation of 

thousands of hyphae). A. mellea hyphae infect their host through the bark of the 

roots and coalesce to form larger and structured assemblages called rhizomorphs that 

spread and invade other trees. These linear structures are larger and more robust than 

individual hyphae and have been developed for long distance transport of water and 

nutrients. Rhizomorphs are 1 to 3 mm in diameter and look like shoestring. 

Rhizomorphs have been studied extensively and have a high level of connection and 

form networks. This structure enable the species to exploit efficiently the 

opportunities provided within its environment (Lamour, Termorshuizen et al. 2007). 

Rhizomorphs branch monopodially or dichotomously and the growth habit has been 

related to the species’ virulence (Morrison 2004). Work by Solla et al., 2002 looking 

at penetration behaviour of the roots of Picea sitchensis tree by two different 

Armillaria species and Heterobasidion annosum has been carried out (Solla, 

Tomlinson et al. 2002) showing that there are variations in host tree susceptibility 

toward the different species. H. annosum cannot penetrate the bark of the root
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without any wounding whereas the Armillaria species are able to infect directly the 

root of the Picea. The reasons for these observations are unclear. It is possible that 

the rhytidome of some gymnosperms prevents or does not stimulate the formation of 

rhizomorphs (Wahlstrdm, Johansson 1992). Such work will provide a better 

understanding of host responses to root-invading pathogens, which is useful in the 

tree cultivation field because the ability to detect and understand resistance in certain 

type of trees will provide material for incorporation into tree breeding programmes. 

Armillaria mellea is responsible for damage and economic loss due to its 

characteristics such as virulence as well as its ability to colonize substrates and 

produce rhizomorphs.

The behaviour of A. mellea as a tree pathogen

Armillaria assembles hyphae into rhizomorphs which slowly aggregate into huge 

networks. Rhizomorphs sprout the white fan-shaped mats of mycelium which extend 

the decay up an infected tree’s phloem and cambium, separating the wood from the 

bark, killing the host, and thus encouraging wind-throw. The majority of 

rhizomorphs are produced during the terminal stages of decay but their amount 

depends on the species and the habitat. Ions and other substances in solution are 

absorbed and translocated along these rhizomorphs under turgor pressure. When A, 

mellea rhizomorphs penetrate roots, they process as organized units, growing 

through the phloem and the cambium. Once the tip of a rhizomorph has reached this 

point, mycelium produced from the tips of the rhizomorph invades into the wood 

radially along the plates of the parenchyma ray cells.

Healthy roots can be infected directly if they contact the mycelium on diseased roots. 

Infection depends on the enzymes and toxins produced by the mycelium breaking 

down the host tissue to allow invasion and infection. After a rot has been established, 

providing there is a sufficiently large food base, the mycelium may persist for many 

years. Infection of a healthy root begins when its bark is acted upon by toxic 

substances produced by the mycelium. Hyphae also grow down inside the trunk, 

often spreading between the ray cells, rotting, softening and weakening the 

heartwood of its host’s roots and butt. The species is naturally bioluminescent.
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2.3 Application of microtechnology for the control of cells

Microtechnology is the fabrication of materials, structures and systems with micron 

or submicron-scale features using lithography techniques (Madou 1997). 

Lithography is the process of producing features on a substrate (silicon or glass) 

using energy sources like UV light, laser, electron-beam, or X-ray. The development 

of physical techniques enables the manipulation, isolation, growth and study of 

single cells and multicellular structures. In this section the application of 

microtechnology for studying cells and microorganisms control and behaviour over 

flat and profiled surfaces is discussed.

2.3.1 Spatial control over Cells on flat surfaces

Neuronal and glia cells

Microlithography refers to lithographic patterning methods capable of structuring 

features in the micrometer range or smaller. Photolithography is one of these 

methods. For patterning cells, photolithography on hard materials has been widely 

used. Through this technique, micropatterns are generated using light, photoresist, 

and mask.

Kleinfeld, Kahler et al. (1988) studied the control and growth of dissociated neurons 

on a surface with defined regions. They combined silane chemistry and lithographic 

processing to modify the adhesive properties of the substrate. They succeed in 

reproducing normal neuronal development on abiotic surfaces.

The use of microlithography which is the most dynamic semiconductor technology 

and experimental biomedical sciences has lead to the development of 

biomicrotechnologies. Nicolau, Taguchi et al. (1996) assessed several 

microlithographic materials and techniques as candidates for patterning artificial 

arrays of neuronal cells. The neuronal cell’s electrical activity makes it an ideal 

candidate for integration in a bioelectronic device. They showed how the surface 

photochemistry of the common microlithographic materials can be used to control
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the specificity of the neuronal cell attachment on the polymer surfaces. They 

obtained different surface functionalities like diazo-naphto-quinone (DNQ), 

carboxylic, imidazole, indene, silylated, and charged groups as well as different 

hydrophobicities. The neuronal cell attachment was sensitive to chemical 

functionalization, with favourable influence from charged, imidazole and carboxylic 

groups. In 1998, they demonstrated how the micro lithographic materials and 

techniques can be upgraded to print patterns of proteins, peptides and silylated 

surfaces as scaffolds for the selective control of artificial arrays of neuronal and glia 

cells.

The interaction of neuronal cells with artificial materials in order to control their 

biomolecular architectures on surfaces has application to several bioengineering 

fields like bio sensing, cell guidance, and molecular electronics.

Mammalian cells

Photolithography has been used for patterning proteins and cells onto surfaces but 

the technique has some disadvantages for biological applications like 

biocompatibility. Xia and Whitesides (1999) developed a set of techniques more 

suitable for biological applications called “soft lithography”. Soft lithographic 

techniques mostly used polydimethylsiloxane (PDMS) because this polymer is 

biocompatible. These microfabrication techniques typically use variations in charge, 

hydrophilicity, or chemistry to select the adhesion of cells to a substrate. Thus the 

combination of surface chemistry and photolithographic techniques enable a better 

understanding of the influence of the material on the behaviour of the cells. Many 

studies that involved the patterning of proteins or cells have used self-assembled 

monolayers (SAMs) of alkanethiols on gold. PDMS is used as a stamp to transfer 

microscale patterns of chemicals or biomolecules onto the substrate surface. One of 

the tools of soft lithography is microcontact printing. Microcontact printing has been 

used to understand the effect of cell shape on cell growth, function, and death to 

surface modifications. To do so, some regions of the surface are made chemically 

different to have a selective adhesion of cells to a given substrate.

30



For example, Singhvi, Kumar et al. (1994) placed cells in adhesive laminin protein- 

coated islands to have a control over cell growth and protein secretion. The surface 

was successively exposed to an alkanethiolate that support protein adsorption then to 

laminin, a protein that belongs to the extracellular matrix (ECM). The system was 

tested by the plating of rat hepatocytes. The quantification of DNA synthesis in 

hepatocytes cultured on islands of different size revealed that the synthesis of DNA 

was highest in cells on unpatterned surfaces. Cells located within the islands revealed 

that the progressive reduction of the size of the islands resulted in a progressive 

reduction in growth. The authors showed that it was possible to control the switch 

between growth and differentiation.

Chen, Mrksich et al. (1998) used microcontact printing techniques to create different 

islands of patterned substrates with regions that absorb the extracellular matrix and 

regions that resist extracellular matrix adsorption. They explored how position and 

shape of bovine and human capillary cells can be modulated by these islands. The 

spreading of the cells depends on the islands’ size and on the distance between 

different islands. The authors showed as well that cells with a round shape induce 

cell suicide and cell spreading permit life. They concluded that there is evidence that 

cell shape itself may act as a signal for cell function.

A direct application of microfabrication and cell culture is the development of cell- 

based biosensors for the detection and characterization of drugs, toxicants, odorants 

and other chemicals.

Bacteria

The attachment and patterning of bacterial cells on surfaces offer the possibility of 

using the cells as a biosensor for sensing and detecting biomolecules. The system is 

used as well for studying cell-cell interactions and the interactions between the cells 

and their surrounding environment.

For instance Liang, Smith et al. (2000) used self-assembly of alkyl silane monolayers 

(SAMs) and optical tweezers to measure the force of adhesion between
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uropathogenic Escherichia coli cells expressing type I pili and a mannose-presenting 

SAM. The combination of SAMs and optical tweezer enable the characterisation of 

microbial adhesion in terms of specific molecular interactions. Bacterial adhesion 

through biofilm formation occurs on medical devices which lead to patient 

infections. Katsikogianni, Missirlis (2010) investigated the effect of the surface 

chemistry and the solution ionic strength under different shear rates on the adhesion 

and growth of two & epidermidis strains. Adhesion was found to be dependent on the 

monolayer’s terminal functionality. The increase in ionic strength enhanced adhesion 

to various substrates.

2.3.2 Spatial control over Cells on profiled surfaces 

Fungi and bacteria

Fungal pathogens can penetrate plants either through an intact host surface or 

through natural openings such as stomata. Germ tubes of rust fungi produce 

appressoria which are terminal swellings when they are in contact with plant stomata. 

Appressorium induction leads to the formation of infection structures. 

Microfabrication enables the fabrication of surfaces with different topography that 

will help investigate the role of the host topographical signals in the induction of 

appressoria.

Read, Kellock et al. (1997) used a silicon wafer to create microtopographies in 

polystyrene. They investigated more precisely the influence of ridge spacing and 

height on the induction of infection by P. graminis tritici and P. hordei. Closely 

spaced ridges induced germ tubes differentiation. In a similar way Hoch, Staples et 

al. (1987) showed that the bean rust fungus Uromyces appendiculatus is able to sense 

minute difference in leaf surface topography in order to infect the host plant.

Held et al. (2009) used artificial micro structures to test the dynamic responses of 

Neurospora crassa, a filamentous fungus and Escherichia coli a Gram-negative 

bacterium. The structures were made from PDMS and consist of 5 x 5 arrays of 

microstructures (cylindrical and micropyramids) varying in size and density. The
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fungi invaded the nutrient poor areas and did not avoid the microstructures. They 

observed that the cylindrical structures could confine and guide hyphal growth 

whereas micropyramids induced a slightly different behaviour. The hyphae attached 

to the edges and corners of the pyramidal bases and were seen to grow up to the apex 

so that N, crassa sensed its environment. The authors concluded that this particular 

behaviour was induced by the geometry, distance, and density of the features. The 

micropyramids also modified E, coli swimming behaviour. E. coli fixed to the 

pyramids through its flagellum thus changing the traditional run and tumble motion 

into a circular motion. This observation could lead to a means of studying the rotary 

motors of motile bacteria away from a surface without any interference from surface 

attractions.

Mammalian cells

Mammalian cells respond to topographic substrates which are known as contact 

guidance. In the native environment, contact guidance is essential in the processes of 

cell migration, proliferation, differentiation, and apoptosis and is profoundly 

influenced by the extracellular matrix (ECM). The ECM is composed of several 

glycosaminoglycans. Micro and nanofabrication make it possible to fabricate 

substmtes similar to the native environment of the cells and enable the study of the 

cell’s response.

Cells types are sensitive to the topographic substrate and respond in different ways 

depending on the feature size, the geometry (Flemming, Murphy et al. 1999) or the 

substrate stiffness (Discher, Janmey et al. 2005). The most notable effect of 

topography is the impact on cell geometry. The geometry of the topography as well 

as the size of the features affects the morphology, attachment, adhesion, 

proliferation, cytoskeleton organization and migration of the cells.

Cells respond to nano-grating geometries (narrow groove of different shapes) by 

aligning and elongating in the direction of the grating axis. This has been observed in 

various cell types such as for example human fibroblasts, human endothelial cells, 

human embryonic stem cells or bovine smooth muscle cells (Choi, Hagvall et al.
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2007, Bettinger, Zhang et al. 2008, Gerecht, Hettinger et al. 2007, Yira, Reano et al. 

2005). Some studies have observed the alignment of cells both parallel and 

orthogonal to the nano gratings axis (Teixeira, McKie et al. 2006). Some cells do not 

respond at all to nanogratings (Meyle, Gtiltig et al. 1995).

Cells respond in a different maimer to nanogratings, nanopost and nanopit features 

for example it has been showed that in general nanogratings enhanced the adhesion 

of cells (Teixeira, Abrams et al. 2003, Karma, Liliensiek et al. 2004) while nanoposts 

and nanopits reduce the initial cell attachment of for example rat fibroblasts (Curtis, 

Casey et al. 2001) and human osteoblasts (Biggs, Richards et al. 2007).

Nanogratings make the cell proliferation rates decrease as shown for human 

endothelial cells (Bettinger, Zhang et al. 2008). There are no real rules concerning 

nanoposts or nanopits and their effect on cell proliferation. Cell migration is affected 

by nanogratings. For example endothelial cells (Bettinger, Zhang et al. 2008), 

epithelial cells (Dalton, Walboomers et al. 2001, Rajnicek, Foubister et al. 2007), 

osteoblast cells (Lenhert, Meier et al. 2005), and C6 glioma cells (Wang, Ohlin et al. 

2008) moved toward the featmes with higher velocities.

Engineering substrates has the potential to induce cell phenotype but also cell 

genotype. Nanotopography is known to alter the gene expression profile of various 

cell types. For instance human fibroblasts express a higher level of fibronectin 

mRNA due to contact with titanium nanogratings geometries (Chou, Firth et al. 

1995). Contact with nanopits resulted in down-regulation of many fibroblasts genes 

including those associated with apoptotic initiation, DNA repair, and transcription 

regulation (Dalby, Gadegaard et al. 2008).

2.4 Microfluidics

Microfluidics deals with the behaviour, precise control and manipulation of fluids 

that are geometrically constrained to a small (sub-millimetre) scale. Microfluidics 

systems have application in chemical, biological and medical fields.
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2.4.1 Behaviour of fluids at the microscale

Microfluidics offers advantages given by miniaturization that include smaller 

working volumes, shorter reaction times and the possibility of performing parallel 

experiments. At this particular scale, different physical phenomena become dominant 

over those experienced in everyday life (Lee, Hung et al. 2005). The viscous forces 

dominate over the inertial forces so the fluid transport systems move to the regime of 

viscous dominated flow, turbulence is non-existent, surface tension becomes a 

powerful force, and diffusion becomes the basic method for mixing. All these 

fundamental changes in hydrodynamics occur when the Reynolds number (Re) is 

very small (Re « 1). The Reynolds number can be calculated by:

Re = poDh / p,

where p is the fluid density, x> is the characteristic velocity of the fluid, p is the fluid 

viscosity, and Dh is the hydraulic diameter. At Re « 1, diffusion can be calculated 

by:

D = d2 / 2t

d is the distance a particle moves in a time t, and D is the diffusion coefficient of the 

particle. Because distance varies with the square power, diffusion becomes very 

important on the microscale. At sizes above a few hundred microns, diffusion is very 

slow and can be ignored. The time to mix by diffusion is:

t = l2 / D,

where 1 is the largest size of the container.

The surface tension forces at the microscale are important and are the result of the 

cohesion between liquid molecules at the liquid/gas interface. The surface tension (y) 

is the magnitude F of the force per unit length L over which the force acts:
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y = f/l

The pressure (AP) contained within a spherical drop of liquid is:

AP = 2y / R,

where R is the radius of the spherical drop. If the surface is hydrophobic, then AP is 

the pressure one needs to overcome the surface tension to fill the microchannels. By 

treating a surface to be hydrophilic, water will penetrate without any applied 

pressure.

2.4.2 Fabrications of microfluidic devices

The current techniques that have been used for fabricating microfluidic devices 

include micromachining, soft lithography, embossing, in situ construction, injection 

molding, and laser ablation. For biological applications, the more suitable technique 

is soft lithography which was developed by Whitesides, Otsuni et al. (2001).

Soft lithography is a set of non-photolithographic techniques for microfabrication, 

based on printing and molding using elastomeric stamps with the patterns of interest. 

The central component most widely used in soft lithography is 

poly(dimethylsiloxane) (PDMS). Polymers are the materials of choice for 

microfluidic devices because of their properties of low cost, flexibility and light 

propagation. The polymer is poured onto a hard master and then peeled off the 

master to create channels, valves and, chambers. When the PDMS stamp is sealed 

against a piece of glass or PDMS for example it creates a three-dimensional network 

of channels that can be filled with any liquid medium.

Fabrication of the master by rapid prototyping

To build a microfluidic chip by soft lithography (Duffy, McDonald et al. 1998, 

McDonald, Duffy et al. 2000), involves drawing the desired design with a CAD tool
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(computer-aided design). The photomask is created and placed over a substrate 

(silicon wafer or glass) that is precoated with a thin layer of photoresist (see below). 

When exposed to UV light, the photoresist will harden only in areas patterned on the 

mask, and the rest will wash away with a developer, leaving a master pattern for 

polymer (Figure 2.7-A).

A. CADFflo
J High Resolution Primer

Transparency with a pattern

B. Li3M

Photolithography

Dissolve uncrosslinked I 
photoresist l

• Photomask 
-Photoresist

2-layer photolithography--------- fr.
2nd layer of photoresist

- Reusable Master •

Light

d«.T ^ n»i • at- J ■ i

A)

0 Pour PDMS prepolymer, 
cure

POMS with negative relief 
channel structure

PDMS

Deformation of PDMS

SaggingPairing

PDMS PDMS

(d«h)(h»d)

Figure 2.7: A): Fabrication of the master and the PDMS stamp. A: Steps for rapid prototyping, B: 

fabrication of a master, C: replica molding of microfluidic systems (Stroock, Whitesides 2002). B): 

The representative ranges of values for the dimensions h, d, and 1 are 0.2 - 20, 0.5 - 200, and 0.5 - 

200 pm, respectively (Xia, Whitesides 1998).
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Fabrication of silicon mold by DRIB (Deep Reactive Ion Etching)

In order to produce a piece of polymer with features in it, a mold that contains the 

inverse pattern of the final product is required. For mold application, various 

materials have been employed. Among these materials, silicon has been highly 

characterised. Currently there are two methods to construct silicon molds. The first 

method is wet anisotropic etching and the second method is deep reactive ion etching 

(DRIB). DRIB through the so-called Bosch process is a powerful tool to realize deep 

etching with vertical sidewalls (Laermer, Urban 2003).

Cast Moulding: fabrication ofPDMS stamps

The elastomeric stamp or mold is prepared by cast molding (Whitesides, Ostuni et al. 

2001). By cast moulding a master can produce about 50 PDMS stamps. It becomes 

very easy to replicate micro or nanoscale features accurately over a large area as well 

as reducing the damage to the master. By this procedure it is possible to obtain 

multiple copies of three-dimensional features from one master. The PDMS slab can 

be further used for replicating the structure in another material (replica moulding); it 

can be used directly as microchambers or patterning cells on a surface. Replica 

moulding is a technique for duplicating the shape, size and pattern of features from 

an elastomeric master (usually PDMS) in one single step.

2.4.3 Physical and Chemical properties ofPDMS

PDMS is a silicone-type elastomer that consists of repeating -OSi(CH3)2- units; the 

CH3 groups make the surface hydrophobic (Stroock, Whitesides 2002). Industrial 

synthesis can begin from dimethylchlorosilane and water by the following net 

reaction: nfS^CFh^Cy + njTUO]. The surface can be made hydrophilic by exposure 

to air plasma for a couple of minutes to oxidize the surface to silanol (Si-OH) 

(Makamba, Kim et al. 2003). The surface remains hydrophilic in contact with water 

otherwise, rearrangements occur* approximately within 30 minutes when in contact 

with air. Prior to the addition of any liquid the PDMS must be rendered hydrophilic 

by exposure to UV light. For instance oxidized PDMS sealed against oxidized glass 

form irreversible Si-O-Si bonds between the layers.
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PDMS is cheap, easy to produce and manipulate. PDMS is not only seen as a 

structural material but possesses useful properties for biological studies like the use 

of small volumes of reagents, solvents or cells at a low cost, short reaction times and 

the possibility to carry out multiple operations at the same time (Kuncova-Kallio, 

Kallio 2006). The fabrication of PDMS is easy and it is not time-consuming. It can 

be cast against a mold with fidelity down to 0.1 pm and it has interesting physical 

and chemical properties (Xia, Whitesides 1998);

1. The surface of PDMS has a low interfacial free energy and a good chemical 

stability. The patterned molecules do adhere reversibly and do not react 

chemically with the surface.

2. The PDMS is not hydroscopic thus it does not swell with humidity.

3. The PDMS is gas permeable.

4. The elastomer has a good thermal stability up to 186 °C. At high 

temperatures, PDMS acts like a viscous liquid, similar to honey. However at 

low temperatures it acts like an elastic solid, similar to rubber. In other words, 

if you leave some PDMS on a surface overnight, it will flow to cover the 

surface and mold to any surface imperfections.

5. The elastomer is optically transparent down to -300 rnn.

6. The PDMS elastomer is isotropic and homogeneous and can be deformed in 

controllable manner. The PDMS stamp can be reused over several months.

7. The interfacial properties of PDMS can be changed either by changing the 

prepolymers or by treating the surface with plasma.

8. Another very interesting property is that PDMS is inert and nontoxic. Such 

properties make PDMS suitable material for work with living cells.

The limitations of using PDMS are;

1. The PDMS shrinks by -1 % upon curing. The cured PDMS can swell in some 

nonpolar organic solvents like toluene and hexane.
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2. The elasticity and thermal expansion of PDMS make it difficult to get high 

accuracy in registration across a large area and may limit the use of soft 

lithography in multilayer fabrication and/or nanofabrication.

3. When the aspect ratio (h/1) (Figure 1.7-B) is too high or too low, the 

elastomeric character of PDMS will cause the microstructures in PDMS to 

deform or distort and generate defects in pattern.

4. The oxidized PDMS is unstable in air and returns to the hydrophobic state 

after ~30 min.

Various PDMS fluids ranging from low to high viscosity are used in a wide range of 

industrial applications, such as manufacturing textiles, paper, and leather goods (Noll 

1968). PDMS fluids also serve as antifoams, softeners, or water repellents. In 

consumer applications, PDMS fluids can be found in personal-, household- and 

automotive care products (Noll 1968). They are used as softeners hi skin care 

products, conditioners in hair care, additives in polish formulations, water proofers 

and as a component of other surface treatments. Some PDMS materials are also sold 

as end products such as transformer dielectric fluids and heat transfer liquids.

2.4.4 Applications of microfluidic devices

Soft lithography is a technique for fabricating channels and patterns which are 

appropriate for the manipulation of living cells at the micron/submicron scale 

(Whitesides, Ostuni et al. 2001). Here the emphasis is made on the application of 

microfluidics and PDMS in the study of cell behaviour.

Stem cells

Stem cells are special cells that can differentiate into different cell types (Ramalho- 

Santos, Willenbring 2007). The growth, death, differentiation and migration of stem 

cells are dependent on environmental cues. Once a stem cell has received physico

chemical signals to differentiate, a number of gene and protein expression occurs. In 

conventional cell culture, the enviromnent is not controllable and does not mimic the 

in vivo one. The ability to control the microenviromnent is fundamental for
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identifying factors involved in cell proliferation and differentiation. 3D microfluidic 

devices can provide a stable and predictable microenvironment for the cells.

In the area of cell differentiation, the effect of physical and chemical factors on stem 

cells has been recently investigated using microfluidic systems. For example Metallo 

et al. (2008) applied physiological levels of shear stress to hESC-derived endothelial 

cells and showed that the physical stimuli can induce changes in cell morphology and 

gene expression. The shear forces the cells to elongate and align in the direction of 

the flow by modulating gene expression (Metallo, Vodyanik et al. 2008). By using a 

microfluidic device that is able to control the extracellular environment of cells in 

chambers Ellison et al. (2009) showed the existence of unknown survival factors in 

mouse embryonic stem cells (Ellison, Munden et al. 2009).

Neurons

In neurological research, the ability to culture neurons on microchips is becoming an 

important diagnostic tool. One limitation is that neural cells do not survive at low 

concentration which makes the isolation and observation of individual cells difficult. 

The high permeability of PDMS to molecular exchange makes this polymer a 

valuable tool in work involving neural cells. Griscom, Degenaar et al. (2002) grew 

neurons in arrays of micro chambers, connected through microfluidics channels 

made of glass and PDMS. This method allowed the patterning of physically isolated 

neurons and the growth of axons in preferential directions due to confinement. The 

thickness of the PDMS still allows chemical interaction between the cells so they are 

able to survive. The thickness of the PDMS isolated the cells electrically. Neurons 

are cells that need extracellular signals at different phases of their development. 

Another use of microfluidics is to study the response of neurons to different signals. 

Gomez, Schmidt et al. (2007) used microfabrication and PDMS to create cross

shaped wells. They aimed to simultaneously analyze the responses of neurons to 

physical and chemical cues.
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C. elegcms

Microfluidics devices were found to be a valuable tool to study Caenorhabditis 

elegcms, a nematode worm with a nervous system of only 302 neurons. C. elegans is 

a model organism for neurobiology studies. The advantage of using such a simple 

organism is that the role of each cell in the neural pathway can be determined. The 

substrate commonly used in C. elegans research is a planar agarose surface, which is 

different from the natural environment where the worm is found. Natural 

environments include soil, compost, leaf and fruit litter, and several invertebrate 

hosts. The advantages brought by microfluidics devices to C elegans studies are that 

they can mimic properties of the natural environment that in turn make possible 

behavioural studies. The forms and the trajectories in the devices can also be 

controlled and the extra-cellular environment such as temperature or various stimuli 

can be manipulated. The polymer PDMS is also compatible with high magnification 

microscope objectives observations.

Lockery, Lawton et al. (2008) presented two micron-scale devices. An artificial soil 

device mimicking soil particules and a sinuous micro fluidic channel with a variety of 

amplitudes and wavelengths. The worm was shown crawling with ease through both 

devices. Qin, Wheeler (2006) observed the exploration capability of a group of 

worms in mazes with and without the presence of food as well as the effects of 

dopamine on exploration. Dopamine is a neurotransmitter involved in motion and 

learning. In a second set of experiments they investigated the correlation between the 

food search and learning process in individual worms. Park, Hwang et al. (2008) 

studied C. elegans locomotion in microstructures made from agar and the role of 

mechanosensation in the movement through the proposed media.

Fungi: exploration of microfluidics networks

Microfabricated surfaces have been used to understand signal perception effects by 

fungi. The use of surfaces that induce signals perceived by fungal cells makes 

available the study of fungal growth orientation and fungal penetration (Hoch, 

Staples et al. 1987). In this work microstmctured networks were used to observe the 

behaviour of fungal cells in confined environments. In nature, filamentous fungi

42



colonise microscale media such as decaying wood, soil, leaf litters, plant and animal 

tissues, which are a “natural” maze. Confinement has effects on fungal cells and the 

resulting behaviour is a consequence of how fungi sense and develop strategies 

within confined natural environments. In their natural habitat, filamentous fungi’s 

activity affects the local enviromnent around their hyphae at the micrometer scale. 

The fact that their environment is highly heterogeneous makes the study of fungal 

growth difficult. Fungal growth behaviour is still not fully understood and has been 

extensively studied mainly on planar agar substrates, where cells exhibit a different 

behaviour compared to that occurring in natural environments. Filamentous fungi 

have to explore irregular surfaces or grow through porous media and have to adapt to 

different external conditions like temperature, light, humidity.

A number of researchers have investigated the behaviour of microorganisms in 

complex PDMS networks, for example (Hanson et al. 2006) and (Held et ah 2010) 

described the growth and colonization of microfabricated structures by several fungal 

species. They showed how the fungal species responded to the topography by 

changing their branching behaviour. Studying bacterial behaviour within complex 

geometries as well as their accumulation near boundaries is of great interest from a 

simulation point of view.

Previous work has been published on fungal growth in mazes. Nakagaki (2001) 

observed the maze solving capabilities of the amoeba-like true slime mould 

Physarum polycephalum which is a unicellular organism and is able to solve 

complex mazes relatively easily (Nakagaki 2001, Nakagaki, Yamada et al. 2001, 

Nakagaki, Yamada et al. 2000). Hanson observed the maze solving capabilities of 

Pycnoporus cinnabarinus in artificial structures (Hanson, Nicolau Jr et al. 2006, 

Filipponi, Hanson et al. 2005a). This work highlighted interesting observations. The 

fungus was able to find the entry of the maze and resolve it easily. This is 

extraordinary because when seeking food, starving hyphae have a random search 

whereas in this study the fungus converged toward the maze entrance and grew 

inside the microchannels. The branching rate was much higher and near-exclusively 

triggered by tip to wall collisions of the parent hypha with obstacles. The species
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seems to possess a “directional memory” in the confined environment; the hypha 

turn by collision with an obstacle but in the exact direction that they had when they 

branched from the parents filaments. The growth of the species has been simulated.

Bacteria

Microfluidics associated to PDMS has many characteristics that make it useful for 

the study of bacterial motility, chemotaxis and quorum sensing. The channels can be 

created to mimic the natural environment of bacterial cells and the extra-cellular 

environment can be varied. DiLuzio, Turner et al. (2005) studied the motility of E. 

coli in channels in which the porosity of the channel surfaces changed. Bacteria 

prefer hydrogel surfaces and swim preferentially at the right hand-side because of the 

clockwise rotation of the cell body. Hulme, DiLuzio et al. (2008) developed a system 

to sort motile strains of bacteria based on cell length. The authors showed that 

ratcheting microchannels can control the direction of movement of swimming cells 

that swam in different directions.

Microfluidics is also useful for chemotaxis assays. It is possible to create gradients 

that are stable. Mao, Cremer et al. (2003) studied the concentration gradients of 

chemorepellants and chemoattractants at the nM level. They discovered that L- 

leucine is a bacterial chemoattractant at low concentrations and a repellent at high 

concentrations.

Bacterial cells communicate by secreting soluble molecules in the surrounding 

enviromnent. When the density of bacterial cells reaches a certain level; these 

molecules alter the expression of bacterial genes. This behaviour is called quorum 

sensing and is involved in bioluminescence, swarming motility, pathogenicity and 

biofilm formation. Park, Wolanin et al. (2003) studied the growth of E. coli and 

Vibrio harveyi in PDMS microfluidic devices. Cells of E, coli accumulated in 

enclosed areas like dead-ends. The authors concluded that chemotaxis between cells 

is able to produce the density of cells required for quorum sensing.
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Chapter 3

Materials and Methods

3.1 Preparation of the test microstructures

3.1.1 Descriptions of the silicon master and the different microstructures

A silicon mold was prepared by standard photolithography techniques and deep 

reactive ion etching (DRIB) using the standard Bosch recipe (Hanson, Nicolau Jr et 

al. 2006). The silicon master contained six different patterned areas. Each area was 

1mm x 1mm and consisted of 25 small 100 pm x 100 pm microfluidic structures 

(Figure 3.1). The small microfluidics structures are intercalated with 100 pm x 100 

pm spaces called ‘plaza’-like spaces. The channels in the microstructures were 2 pm 

to 15 pm wide, allowing microbial growth and spread on the surface (fungal 

filaments are up to 10 pm wide whereas bacterial cells measure 0.5 to 0.8 pm in 

diameter). All the mazes were fabricated using polydimethylsiloxane (PDMS; 

Sylgard 184, Dow-Coming) and produced by replica molding of PDMS from the 

silicon master.

The mazes represent original structures with different designs and some of them have 

different features (square, round features or dead ends). All of them have different 

levels of complexity. The different structures have a channel depth of 10 pm (Figure 

3.2).
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Diamond (Figure 3,2, A): The Diamond structure consisted of a structure made of 16 

small squares for which there are many paths to the exit. The exit is situated opposite 

the entrance.

Round-about (Figure 3.2, B): Within the Round-about structure, the cells have to 

follow sequentially two rounded structures and there are two possibilities for entry 

into the first round-about. The structure showed the ability of the species to follow 

rounded features and to perform turns of up to 135 °. There are two round-about 

features placed in opposite directions. The round-about maze was the only one that 

required circular paths.

Cellular (Figure 3.2, C): The Cellular structure consisted of a main path in the 

middle and a lateral path with different angles of + 30 °, 45 °, 60 0 and 90 ° 

respectively. Many paths lead to the exit and the structure tested the cells’ ability to 

turn at different angles. This is different from the other mazes, where features are 

right-angled.

Small Maze (Figure 3.2, D): The Small maze comprised some right-angled features 

but also some small roundabout ones as well as some features with a rounded 

tip/extremity. The channels were very narrow ~ 5 pm. In this maze different paths 

lead to the exit.

Stripe (Figure 3.2, E): The Stripe structure consisted of parallel channels decreasing 

in width from 10pm to 2 pm. The impact of the variation in width of the channels 

can be observed in parallel.

Big maze (Figure 3.2, F): The Big maze structure has a much larger edge length (1 

mm) than the previous structures and the channels are 15 pm wide. This maze is 

more complicate than the other structures and contains numerous dead ends and 

corners where the cells can be trapped.
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A)

‘Plaza’-like space

Maze

Figure 3.1: A): The silicon master and the small microfluidics structures (Filipponi, Hanson et al. 

2005b). B): The PDMS stamp.
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Figure 3.2: The test structures comprise the (A) Diamond-Wkz structures, (B) Round-about structures, 

(C) Cellular structures, (D) Small maze structure, (E) Stripe structures and (F) Big maze structures.

3.1.2 Preparation of the PDMS mold

Sylgard 184, a Dow Coming Corporation product, is a silicone elastomer kit. The kit 

contains two chemicals: Base (part A) and Curing Agent (part B), that are mixed in 

10:1 mass ratio. Both chemicals are transparent and viscous in nature. The solution 

was stirred vigorously for 2 minutes with a stir rod. The mixing produced air bubbles 

that had to be removed by degassing the PDMS under a vacuum for approximately 

30 minutes. The PDMS was poured over the master that was placed inside a petri 

dish within 15 minutes of de-gassing. The mixture was then cured for at least 8 h at 

65 °C to complete cross linking and therefore non-toxicity to the cells. Curing for too
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long caused the PDMS to become harder and prone to cracking whereas curing for 

less than the recommended time caused the PDMS to be sticky and floppy. The 

PDMS was finally peeled off the silicon master and was ready to use.

The silicon masters have a silicon hydroxide layer so the surface is hydrophilic 

which can be unfavourable for the release of cured PDMS. To prevent the PDMS 

sticking to the master, the surface of the master was treated with HMDS (1,1,1,3,3,3 

- Hexamethyldisilazane). The addition of HMDS on top of the silicon resulted in a 

hydrophobisation of the surface, and therefore making it easier to peel off (Zen, 

Neher et al. 2005). The silicon master was heated at approximately 120 °C for 15 to 

20 minutes in order to remove the thin water layer from the surface. A few drops of 

HMDS were dropped into the petri dish. HMDS evaporated and an HMDS 

atmosphere established in the dish. The heating was switched off and the system 

cooled down slowly. HMDS precipated as a thin layer on the silicon master surfaces 

in the petri dish. After cooling down, the master was ready for application of the 

PDMS.

3.1.3 Cleaning of the silicon master

The cleaning procedure for the silicon masters started with the detachment from the 

glass petri dish. The sticky tape was soaked with the solvent toluene for several 

hours. The master could be removed easily. The toluene swells PDMS residues but 

does not remove them. The masters were rinsed with water and subsequently dried 

on a hot plate at medium temperature. Hot sulphuric acid (98 %) with a temperature 

of 80 °C cracked the polymer chains in PDMS and after a few minutes of immersing 

the masters every residue was removed. The cleaned masters were rinsed gently with 

deionised water, ethanol and again deionised water. The masters were then dried and 

kept in a clean glass petri dish.
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3.2 Bacterial growth conditions

The Serratia marcescens and Pseudomonas stntzeri cultures used for this work were 

obtained from the School of Biological Sciences, University of Liverpool culture 

collection.

3.2.1 Obtaining bacterial colonies on agar plates

The nutrient medium used to grow S. marcescens and P. stntzeri was Luria-Bertani 

(LB) liquid broth. The nutrient agar medium was obtained by mixing 1 % of LB 

broth (Becton Dickinson) and 1.5 % of Agar Agar (Merck) with distilled water. 

Difco LB medium consisted of 0.5 % yeast extract, 1 % tryptone, and 1 % NaCl 

prepared in deionized LLO and adjusted to pH 7.2. The solution was sterilised by 

autoclaving for 15 minutes at 150 °C and after cooling poured into Petri-dishes. Once 

the agar was set and dry, the plates were ready for use. By streaking an agar plate 

with a drop of a liquid culture medium, individual bacterial cells could be separated 

over the surface of the agar and then grown as individual colonies. The Petri dishes 

with the culture were inverted and placed in the incubator at 30 °C.

3.2.2 Conditions to obtain motile bacteria

3.2.2.1 Motility in Luria-Bertani medium

Cells of Serratia marcescens and Pseudomonas stntzeri were grown in Luria-Bertani 

(LB) liquid broth in a round polypropylene tube containing 5 ml of medium with 

aeration at 30 °C.

In all the experiments described in this thesis, cells were used in their mid

exponential phase of growth which corresponded to an ODeoo (Optical Density at a 

wavelength of 600 nm) of 0.6 for S. marcescens and 0.5 for P. stntzeri. To determine 

the growth of S. marcescens and P, stntzeri, cells were grown in Luria-Bertani (LB) 

liquid broth overnight. The next day cells were re-suspended in fresh LB medium

50



and diluted to ODeoo = 0.1. The ODeoo was then measured every 15 minutes. All 

absorbance measurements were made with a Beckman model ultraviolet-visible 

spectrophotometer. The medium became more and more turbid as the bacteria 

increased in number by division so that less light was transmitted through the tube. 

The measurement of OD (also called absorbance) is an indirect measurement of cell 

biomass (alive and dead cells) and is calculated as follow:

A = logic Io/I

A: Absorbance

lo: Intensity of the light passing through the reference 

I: Intensity of the light passing through the sample

3.2.2.2 Motility in viscous medium

Serratia marcescens cells display a swarming phenotype when the cells grow within 

a viscous environment. In the laboratory the concentration of agar that is required to 

initiate a swarming phenotype in S. marcescens is between 0.7 % and 0.8 %. 

Conditions that would simulate a restraining environment were created by adding 

agents such as Ficoll, a polysaccharide polymer that can be used to mimic the 

viscosity of 0.45 - 0.8 % agar within micro structures. Ficoll 400 (molecular weight 

[MW] 400,000; Sigma-Aldrich) a polysaccharide polymer was added to LB broth. 

The viscosity of the final media (1 to 10 cP) used in the experiments was determined 

by using a TA Instruments Rheolyst AR 1000N controlled-stress rheometer.

3.2.3 Quantification of bacterial colonies, growth rate and generation time

To quantify viable cells a plate count was done. A sample of bacteria was diluted 

several times in PBS (phosphate buffer) from 10"1 to 10'8 and 0.1 ml samples of 

appropriate dilutions spread on to an agar plate. Each viable cell will divide and form 

a colony on the agar that can be seen with the naked eye. The number of colonies
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corresponded to the number of cells present in the sample which were expressed as 

colony forming units per ml (cfu/ml).

The growth rate was measured as follow:

Growth rate (k) = (logio Xt - logic X0) / (0.301 * (Tt - T0)),

where Tt and T0 represents the time interval and Xt and Xq, the corresponding 

absorbance.

The generation time was calculated as follow:

Generation time (Tgen) = 1 / k 

3.2.4 Flagella stain

The protocol used was from West, Burdash et al. (1977) and consisted of the 

preparation of two solutions. Solution 1, the mordant, was made by mixing 25 ml of 

a saturated aqueous solution of aluminium potassium sulphate, 50 ml of a 10 % (v/v) 

tannic acid solution, and 5 % (w/v) ferric chloride solution. Solution 2, the stain, was 

made of 100 ml of a 5 % (w/v) silver nitrate solution. To 90 ml of silver nitrate, 2 to 

4 ml of concentrated ammonium hydroxide were added until the brown precipitate 

formed disappeared. More silver nitrate was added (2 ml to 20 ml) until a faint 

cloudiness persisted.

The bacterium grown on LB agar and incubated at 30 °C was smeared on to 

microscope slides that had been cleaned with ethanol. The smears were air dried and 

then covered first with solution 1 for 4 min, rinsed gently with distilled water and 

then covered with solution 2. Heat was applied until steam formed, and the stain 

remained for 4 min after which the slides were gently rinsed with distilled water and 

air dried and viewed under the microscope.
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3.3 Fungal culture

3.3.1 Fungal strain and culture medium

The Armillaria mellea culture used for this work was obtained from the School of 

Biological Sciences, University of Liverpool culture collection and was maintained 

on Potato Dextrose Agar (PDA) at 4 °C. Armillaria mellea growth medium consisted 

of 2.4 % potato dextrose broth (PDA - SIGMA) and 1.5 % Agar-Agar (MERCK). 

Similarly to bacteria, the solution was sterilised by autoclaving for 15 minutes at 150 

°C and poured into Petri-dishes. Once the agar had set and dried, the plates are ready 

to use.

3.3.2 Fungal growth

Armillaria mellea was subcultured onto fresh PDA plates and incubated at 30 °C. 

The colony needed three to four days to grow on agar plates.

3.4 Experimental assemblies

Just before use, the PDMS structure was treated under UV for approximately one 

hour to render it hydrophilic and to enable the PDMS to seal the base material, which 

is a plastic-made petri dish, a piece of PDMS or glass.

For bacterial growth observations, the experimental procedure is illustrated in Figure 

3.3 A. Serratia marcescens was grown to mid-exponential phase in Luria-Bertani 

medium. A droplet of cells was loaded directly into the complex geometries made 

from PDMS through open edges. Prior to inoculation, the structures were filled either 

with Luria-Bertani (LB) liquid broth or by LB broth containing 3 % to 15 % (v/v) of 

Ficoll 400 (viscosity at 25 °C of 2 to 10 cP) by placing the samples in a vacuum 

chamber. To avoid the adhesion of cells to the glass, the addition of a surface-active 

agent such as bovine serum albumin (BSA) to the broth was necessary.
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For fungal growth observations, the experimental procedure is illustrated in Figure 

3.3 B. The final experimental assembly consisted of the PDMS structure and 2 pieces 

of agar placed near the lateral openings; one agar block was inoculated with fungal 

hyphae. The petri dish or the piece of PDMS formed the floor of the structure 

whereas the ox-PDMS formed the sidewalls and the ceiling. The colony needed three 

to four days to reach the open space area of the PDMS after inoculation at room 

temperature (20 °C to 25 °C). The micro structures were filled with deionised water 

(dHhO). The assembly was deposited inside a parafilm-sealed polystyrene petri dish 

to prevent evaporation of the water and to allow gas exchange.
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A)

PDMS stampAgar Plug

Filament growth direction

B)

Figure 3.3: A): Experimental assembly for bacterial growth observations. The base was an oxidized 

glass microscope slide and the sidewalls and ceiling were the oxidized PDMS. 10 to 20 pi of a culture 

of cells were loaded directly into the PDMS structures through open edges. B): Experimental 

assembly for fungal growth observations. Representation of the PDMS stamp sealed against a plastic 

petri dish with a piece of agar (Hanson, Filipponi et al. 2005).
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3.5 Data gathering and analysis

3.5.1 Optical systems

To image the population of swimming bacterial cells, the microscope slide 

containing the PDMS structure was placed on the stage of a Zeiss upright microscope 

equipped with an Andor iXon EMCCD camera that collected images at 32 frames 

per second. A Leica DM LB2 upright microscope was also used. The images 

sequences were taken using the 60x magnifications lens. The microscope was 

equipped with a Spot camera (Diagnostic Instruments, Inc., USA) that collected 

images at 5 frames per second.

Hyphal growth was observed with an inverted trinocular microscope (Motic AE21 or 

Brunei SPI-98) equipped with 25x and 40x magnifications phase contrast objectives 

and a USB digital camera (Motic 2300 with 3 Megapixel resolutions). Pictures were 

collected every 2 minutes.

3.5.2 Image processing and data representation

For both work concerning fungal growth and bacterial motility, the tracking of the 

cells in each frame and the calculation of the cells velocity were performed using 

RETRAC 2.10.0.5 (http://mcl 1 .mcri.ac.uk/Retrac/index.html) and ImageJ and the 

plugin MtrackJ. The tracking software enabled information on individual hyphae and 

on individual bacterial cell to be gathered from a recorded video resulting in 

individual cell paths. In order to produce videos, pictures were imported into Image- 

Pro Plus 6.1. For the measurement of the length between 2 branches and hyphal 

branching angles pictures were imported into “Motic Images Plus 2.0,:’ (Motic China 

Group Co., Ltd.). For the measurement of the bacterium deflection angle, the 

calculations were performed as follow:
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The calculation of the distance between 2 coordinates (X, Y) is given by the 

Pythagoras theorem (Figure 3.4-A):

(AB)2 = (Y2-Yi)2 + (X2-X,)2 

(AB) = V((Y2-Y,)2 + (X2-X,)2)

The calculation of the deflection angle is given by the cosine theorem (Figure 3.4-B):

b2 = a2 + c2 - 2 ac cos((3)

[3 = cos"1 ((a2 + c2 - b2) / 2ac)

8 = 180 - P = deflection angle

B)

Figure 3.4: A) Representation of the distance between two points (A, B) with the coordinates. B) 

Representation of the deflection angle or angle 8. The deflection angle is the angle between a straight 

direction and the direction after a tumble.
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To calculate the linear acceleration of an object, the following equation was applied:

a = Av / At,

where Av represents the change in velocity and At represents the change in time. 

Finally, the frequency distributions were represented using OriginPro8.5.

3.5.3 Statistical analyses

To assess the effect of confinement on fungal growth, statistical analyses were 

carried out on both groups of data measured on unstructured PDMS and in the 

confined areas. Changes in branching distances, branching angles and tip extension 

velocities were analysed as follow. Statistical analyses concerning bacterial motility 

were canied out by comparing the motility parameters within the ‘plaza’-like space 

to the one measured within the different networks.

Data were tested for normality by evaluation of the ‘normal probability plot’ in 

Minitab 15 (Shapiro-Wilk). The ‘normal probability plot’ is a graphical technique for 

normality testing: assessing whether or not a data set is approximately normally 

distributed which is a pre-requisite for applying a Student’ /-test. The data were 

tested for equal variances by using F procedures. Data sets with obvious deviations 

from linearity and positively (right) skewed were log transformed to satisfy 

normality assumption. Normally distributed data (either raw or after log 

transformation) were compared by using Student’ /-test procedures with pooled or 

unpooled variances, as appropriate, based on F-tests for equal variances. Not 

normally distributed data sets where compared by using a Mann-Whitney U test.

Throughout the thesis the statistical results were reported by indicating the T-values, 

P-values (either the exact value or an approximation) and DF, which represent the 

degree of freedom or P-values only. Significant results were obtained with P~value < 

0.05.
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Chapter 4

The exploration of complex geometries by the 

filamentous fungus Armillaria mellea

4.1 Introduction

The aim of this chapter is to quantify the growth behaviour of Armillaria mellea and 

to compare it on flat agar surfaces to that in various geometrical confined 

enviromnents filled with nutrient deficient medium. It is important to obtain an 

understanding of the growth and function of fungal mycelia in heterogeneous 

environment in order to develop pathogen control.

Armillaria mellea is a basidiomycete fungus that is well known as an important 

pathogen of trees, often having lethal consequences. The species is found throughout 

the world and takes advantage of stresses that affect trees (Guillaumin, Mohammed 

et al. 1993). It has developed an efficient strategy to invade the bark of major roots. 

However, A. mellea is both a parasite and a saprophyte. The latter lifestyle enables 

the fungus to reside in soil for many years until the opportunity to invade a healthy 

tree arises (Rosso, Hansen 1998). A. mellea has a unique system for spreading from 

tree to tree which is called a rhizomorph system. A rhizomorph is an aggregation of 

hyphae organized into a root-like structure (Lamour, Termorshuizen et al. 2007).

It is difficult to observe growth of fungi in their natural habitat, largely due to the 

opaque nature of the media. PDMS-based microfluidics enables the fabrication of 

micro-channels with a variety of forms and shapes that match the physical 

dimensions of the fungus. Furthermore, it is possible to observe the growth of hyphae 

directly in these enclosed environments. For instance, pores with diameters in the 

low micrometre range, filled with a nutrient medium, resemble the body of plant 

cells within the cell walls; complex and/or periodic channel networks mimic the
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apoplast in between the primary cell walls of plants whereas thin membranes mimic 

a resistance that needs to be overcome by appressoria (Bechinger et ah 1999; Apoga 

et ah 2004). Fungal exploration and exploitation of complex natural enviromnents 

requires optimal survival and growth strategies at the colony, hyphal, and intra 

hyphal level, with hyphal space-searching strategies playing a central role. A new 

methodology for the characterisation and analysis of hyphal space-searching 

strategies has been used, which uses purposefully designed three-dimensional 

microfluidics structures mimicking some of the characteristics of natural 

environments of the fungi.

Preliminary work on the basidiomycete Pycnoporus cinnabarinus (Hanson, Nicolau 

Jr et al. 2006) and the ascomycete Neurospora crassa (Held, Edwards et al. 2009, 

2011, Held, Binz et al. 2009) using the same set of microfabricated networks used for 

this study have highlighted a number of interesting observations that will be 

discussed in this chapter. The fundamental questions are; what are the space 

searching strategies used by fungi to successfully colonize various microconfined 

environments? How do they 'decide5 on a course of action? The study of the growth 

dynamics of A. mellea and a comparison with that of N. crassa or P. cinnabarinus 

will help to understand if the observable behaviour is generic to all fungi or is species 

specific.
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4,2 Results

A. mellea was first grown on an agar surface where baseline measurements 

concerning the growth of the species were made. Second, the species was loaded on 

to a piece of PDMS called unstructured PDMS where it grew to provide a second set 

of measurements of growth parameters. Finally measurements were made when the 

species entered different fabricated three dimensional microenviromnents to provide 

information on hyphal growth in different types of microfluidic networks. At each 

step, the growth pattern was analysed statistically.

4.2.1 A. mellea growth behaviour on agar surfaces

In order to investigate the growth characteristics of A. mellea on an agar surface, the 

species was cultured on potato dextrose agar (PDA) and placed on an inverted 

microscope with video recording capability. The parameters of interest for this 

section were (i) the branching angles i.e. the angles between the branches emanating 

laterally from a parent hypha and the parent hypha itself, referred to as lateral angles, 

and the angles between two apical branches referred to as apical angles, (ii) the 

branching distance, i.e. the distance between two subsequent branches, and (iii) the 

apical growth rates, which was the growth velocity of a single hypha at the edge of a 

colony (Figure 4.1). 60 different hyphae were tracked on different agar plates.
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septum

growth

Figure 4.1: A): Armillaria mellea growing on a potato dextrose agar plate. The growing parameters 

are indicated by black arrows. The lateral branching angle was the angle between a lateral branch and 

the parent hyphae (blue lines). The apical angle was the angle between two apical branches (red lines). 

The apical growth rates were calculated from the overall change in length of each filament. The 

branching distance was the distance between two consecutive lateral branches (red box in Figure A) 

and red arrow in the cartoon (© Vicki Tariq, 2011) in Figure B). The Figure A) was taken at the 

growing edge of the mycelium (25x magnification).
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Table 4.1 summaries the measured growth parameters and Figure 4.2 represents the 

distributions of the different growth parameters observed on agar. A. mellea branched 

periodically. Typically, two types of branch formations were observed during the 

growth of A. mellea on agar. Apical branching was characterized by the formation of 

an equal pair of new tips at the hyphal apex. The distribution of the apical angles is 

irregular with two peaks at around 40 0 and 85 °. The mean apical angle was 56.3 ± 

19.0 °. The second type of branching was lateral branching. Lateral branches begin to 

emerge behind the growing tip, rendering the newly formed branch clearly 

distinguishable from the parent hyphae. The majority of the lateral branches emerge 

at angles ranging from 30 ° to 90 °. The mean lateral branching angle was 55.9 ± 20.6 

°. Apical branches occurred less frequently than lateral branches. On the nutrient-rich 

surface of agar substrates, hyphal growth was dense and individual hyphae were 

often difficult to distinguish. It appears that the distribution of the branching 

distances is positively skewed with a mean of 40.3 ± 28.6 pm. The hyphae of A. 

mellea maintained fixed growth directions with the polarization axes determined at 

the respective branching points. The tip extension velocity data were symmetric and 

normally distributed. The mean tip extension velocity was 0.017 ± 0.006 pm/s. The 

diameter of individual hyphae ranged between 3 pm and 5 pm.

Branching angle (°) Branching distance

(pm)

Tip extension

velocity (pm/s)Apical Lateral

Average 56.3 55.9 40.3 0.017

Maximum value 88.8 97.9 117.2 0.039

Minimum value 33.1 17.5 5 0.002

Standard deviation 19.0 20.6 28.6 0.006

Median 48.1 56.5 28.9 0.017

Number of values 13 75 42 2156

Table 4.1: Descriptive statistics of the growth parameters of A. mellea growing on agar substrates.
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Figure 4.2: Distributions of A) apical branching angles; B) lateral branching angles with fitted 

binomal distribution; C) branching distances; D) tip extension velocities with fitted normal 

distribution measured for hyphae of A. mellea growing on PDA.
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4.2.2 A. mellea growth behaviour on unstructured PDMS

In order to investigate the exploratory behaviour of A. mellea on unstructured PDMS 

and within a given set of mazes, a piece of hydrophilic PDMS was sealed to a 

microscope slide and placed in a Petri dish. Sterile distilled water was used to fill the 

microstructures in order to suppress directional clues. A piece of agar containing the 

growing mycelium was placed near the lateral entry (see chapter 3 section 3.4). The 

Petri dish was then placed on an inverted microscope with video recording capability 

for further analysis as mentioned previously. The parameters studied in this section 

were the branching angles, the distance between two branches and the hyphal growth 

rate.

The growth patterns on unstructured PDMS were measured just before the filaments 

entered the microstructured areas so the surface was flat and obstacle free. As on 

agar surfaces lateral and dichotomous branching angles were seen during the growth 

of A. mellea on unstructured PDMS (Figure 4.3). 149 different hyphae were tracked 

in this environment.
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Figure 4.3: (A and B): Effects of unstructured PDMS on growth of A. mellea - the two pictures show 

the area located just before the networks (here the Small mazes (A) and the Cellular (B) networks) 

where data concerning growth parameters were collected (25x magnification).
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The hyphae branched significantly less while growing along the PDMS surface 

giving rise to a network of filaments less dense than on agar substrates. Table 4.2 

summaries the measured growth parameters and Figure 4.4 shows the distributions of 

the different growth parameters on unstructured PDMS. The distribution of the apical 

branching data is negatively skewed with most of the measurement clustered around 

90 °. The lateral branching data were normally distributed (P-value = 0.096). The 

mean apical branching angle and the mean lateral branching angle on this nutrient- 

free surface were 60.0 ± 26.9 0 and 60.3 ± 19.0 ° respectively. In general, the newly 

branched hyphae did not maintain their initial growth direction and after a couple of 

micrometers redirected their growth closer to the leading hyphae. The distribution of 

the branching distance shows a single peak around 10 pm. The mean branching 

distance was 31.8 ± 28.7 pm. A right-skewed distribution was found for the tip 

extension velocity data. The mean tip extension velocity was 0.010 ± 0.006 pm/s.

Branching angle (°) Branching distance

(pm)

Tip extension

velocity (pm/s)Apical Lateral

Average 60.0 60.3 31.8 0.010

Maximum value 98.4 99.7 101.6 0.024

Minimum value 10.1 23.5 3 0.001

Standard deviation 26.9 19.0 28.7 0.006

Median 62.0 53.4 17.3 0.009

Number of values 12 72 38 3573

Table 4.2: Descriptive statistics of the growth parameters of A. mellea growing on unstructured 

PDMS.
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Figure 4.4: Distributions of A) apical branching angles; B) lateral branching angles with fitted normal 

distribution; C) branching distances; D) tip extension velocities with fitted normal distribution 

measured for hyphae of A. mellea growing on unstructured PDMS.

The effects of unstructured PDMS on the fungus behaviour were evaluated 

statistically (P-value < 0.05). Student t-test was chosen for normally distributed data. 

Non-normally distributed data were compared using a Mann-Whitney test. The
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statistical analysis shows that this environment had no significant effects on the 

apical branching angles (P-value = 0.64, Mann-Whitney test) and the lateral 

branching angles (T-value = -1.34, P-value = 0.18, DF = 145, two-tailed pooled 

Student’s Mest) in comparison to the agar surface. The PDMS environment had a 

significant effect on the filament extension rates (T-value = 45.67, P-value < 0.01, 

DF = 3992, two-tailed unpooled Student’s Mest) and the branching distances 

(P-value <0.01, Maim-Whitney test).

4.2.3 Characteristics of growth in the microfluidics network

In the microfluidics structures, the fungus grew within an environment made from 

PDMS. PDMS is both optically transparent and gas permeable so the fungus 

remained visible and viable. The fungus was enclosed in three-dimensional structures 

filled with dF^O. Tip extension velocity, hyphal branching and the distance between 

two successive branches were measured when the hyphae entered the patterned areas 

until the exit, as defined for each network. Additionally the measurable growth 

parameters included the ratio between the number of hyphae exiting the network 

versus the total number of hyphae that entered the network initially and the ratio 

between the numbers of networks without branching versus the numbers of networks 

with branching for each network.

The aim was to understand the exploratory behaviour of the species and to determine 

the extent to which this artificial habitat affected the growth of A. mellea. To do so, 

the effects of confinement on A. mellecCs growth behaviour were evaluated 

statistically. The data concerning “confinement” were the data from all tested 

micro structured networks {Small maze. Diamond^ Round-about and Cellular) 

whereas the data concerning “non-confinement” were the ones measured on 

unstructured PDMS. An appropriate statistical test was performed focusing on the 

different parameters: the tip extension velocity, the branching angle and the 

branching distance. The results in this section are presented for a variety of networks.
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4.2.3.1 Small maze network

The Small maze contains a large density of features of different shapes, which 

provokes frequent collisions between the obstacles and the hyphal tips. The channel 

widths were approximately 5 pm and similar to the hyphal diameter (Figure 3.6). A 

total of 49 different hyphae out of 27 networks were observed within the Small maze 

networks.

Figure 4.6: Hyphae growing within the Small maze networks, (40x magnification). The red arrows, in 

the left upper network, indicate the flexibility of the hyphae within the networks. Instead of stopping 

its apical extension, the hyphae continued to extend apically, causing hyphal bending.

A. mellea navigated the Small maze network successfully, i.e., one or more hyphae 

were able to reach the entry of a network, grow inside and exit the network as 

delimited in Figure 4.6. Within the network, the hyphae were passively directed in 

the direction of the exit through apical extension after contact with the confining 

walls. Within the Small maze network, the hyphae could navigate along different 

paths in order to reach the exit. However, the species resolved the mazes always in a 

similar way and using similar paths as illustrated in Figure 4.6, suggesting a growth 

algorithm. The confinement suppressed the ‘spontaneous’ branching events in this
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maze and branching events were rare. In case a hypha hits an obstacle it splits into 

two hyphae that emanate from the collision point trying to grow around the obstacle. 

The species branched only after “tip-to-wall” collisions. Table 4.3 summaries the 

growing parameters and Figure 4.7 presents the corresponding histograms. The 

distribution of the branching angles showed a single peak centered on 95 °. The 

mean branching angle was 90.7 ± 18.4 °. The branching angles were about 30 0 to 40 

° larger than observed in open spaces (the mean branching angle on unstructured 

PDMS was about 60 °). The features influenced the branching angle, rendering it 

close to orthogonal. After the parent hypha hit the wall and initiated a branching 

event the second branch appeared either within the next two minutes or after a 

significant delay of ~20 minutes. The ratio of the number of branches that appeared 

shortly after the collision versus after a significant delay was 0.40 (2:5). The ratio of 

number of networks without branching events versus number of networks with 

branching events was 2.86 (20:7). The branching distance distribution was positively 

skewed. The mean branching distance was 52.2 ± 57.1 pm. The distribution 

determined for the tip extension velocity is uniform and fitted a normal distribution. 

The mean tip extension velocity was 0.009 ± 0.005 pm/s. This rate was the result of 

discontinued growth through the maze due to comer collisions.

Branching angle (°) Branching distance

(pm)

Tip extension velocity

(pm/s)

Average 90.7 52.2 0.009

Maximum value 126 204.6 0.029

Minimum value 62.9 6.2 0.001

Standard deviation 18.4 57.1 0.005

Median 91.0 35.0 0.009

Number of values 11 10 1563

Table 4.3: Descriptive statistics of the growth parameters of A mellea growing within the Small maze 

network.
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Figure 4.7: Distributions of A) branching angles with fitted normal distribution; B) branching 

distances; C) tip extension velocities with fitted normal distribution measured for hyphae of A mel/ea 

growing within the Small maze network.

After entering the maze, the hypha followed the design of the channel until it hit an 

obstacle, which resulted in a change of growth direction. The species navigated the 

maze most commonly with a single hypha and the overall success rate which is the 

ratio of the number of hyphae exiting the Small maze network versus the total 

number of hyphae that entered the Small maze network initially was 0.27 (13:49). 

The right-angled features present in the network and highlighted by the red arrows in 

Figure 3.6 caused the hyphae to slow down. The hyphae showed a corner-flexibility. 

Instead of stopping the filament’s growth, the corners provoked the filament to bend 

and to restart growth. The time to restart its growth ranged from t = 12 min to t = 

IhOO.

The tip extension velocity was significantly changed by the confinement (T-value = 

4.01, P-value < 0.01, DF = 3505, two-tailed unpooled Student’s /-test) as the 

branching angles (P-value <0.01, Mann-Whitney test). The branching distances were 

unchanged by the confinement (P-value = 0.18, Mann-Whitney test).
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4.2.3.2 Diamond network

The Diamond network contains a high density of features with similar shape, which, 

similarly to the Small maze, provokes frequent collisions between the features and 

the hyphal tip (Figure 3.8). A total of 70 different hyphae out of 53 networks were 

observed within the Diamond network.

Hyphae that entered the network hit the edge of a small square, which deflected their 

initial growing direction. A. mellea’s hyphae followed this structure in a flexible 

manner. The shape of the small squares influenced the magnitude of the branching 

angle. The contact with the corner of a small square often induce a branching event 

leading to an exploration of the maze through multiple hyphae (Figure 3.8-A). The 

ratio of number of networks without branching events versus number of networks 

with branching events was 1.52 (32:21).The hyphae could also grow through the 

structure without branching as shown in Figure 3.8-B. Hyphae could move between 

the squares located in the middle by alternately changing their growth direction to the 

right and left resulting in a zigzag growth pattern (Figure 3.8-C, green circles). 

Therefore, the hyphae were only temporarily diverted by the geometry as they 

usually maintained a fixed growth direction.
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Figure 4.8: (A, B and C): Hyphae growing in Diamond structures. The set of pictures shows the 

Armillaria mella branching patterns in the Diamond structure. In picture A), the hypha branched after 

“tip-to-wall” collision at an angle around 90 0 and exhibited an apical branching angle in the space 

between the two mazes, (40x magnification). In B), the hypha grew without branching, (40x 

magnification) and in picture, C), two hyphae zigzagged between the prllars (green circles), (25x 

magnification). The black arrows indicate the hyphal growth direction.

Table 4.4 summaries the growth parameters and Figure 4.9 presents the 

corresponding histograms. The distribution of the branching angles is symmetrical 

with a single peak centered on 95 °. The mean branching angle was 102.6 ± 27.2 ° 

with an irregular distribution. The mean branching distance was 25 ± 12.2 pm. 

Similar to the Small maze network, the distribution of the tip extension velocities was 

symmetric and fitted a normal distribution. The mean tip extension velocity was 

0.008 ± 0.003 pm/s. The overall success rate which is the ratio of the number of 

hyphae exiting the Diamond network versus the total number of hyphae that entered 

the Diamond network initially was 1.06 (74:70).
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Branching angle (°) Branching distance

(pm)

Tip extension velocity

(pm/s)

Average 94.5 25.0 0.008

Maximum value 113.1 44 0.015

Minimum value 67.8 12.2 0.001

Standard deviation 9.3 12.2 0.003

Median 93.7 22.8 0.009

Number of values 19 16 181

Table 4.4: Descriptive statistics of growth parameters of A. mellea growing within the Diamond 

network.
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Figure 4.9: Distributions of A) branching angles with fitted normal distribution; B) branching 

distances; C) tip extension velocities with fitted normal distribution measured for hyphae of A. mellea 

growing within the Diamond network.
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The tip extension velocity was significantly changed by the confinement (T-value = 

7.55, P-value < 0.01, DF = 267, two-tailed unpooled Student’s Mest) as the 

branching angles (P-value < 0.01, Mann-Whitney test). The branching distances were 

unchanged by the confinement (P-value = 1, Mann-Whitney test).

4.2.3.3 Round-aboiit network

The Round-about network was a unique one because it tested the ability of the 

hyphae to grow via a complete 360 0 turns or a semi-complete turns (less than 180 °). 

The two round-about features are placed one after the other in an opposite direction 

and there are two possibilities to enter this structure. A total of 45 different hyphae 

out of 43 networks were observed within the Round-about structure.

Generally, A. mellea grew easily within the Round-about network. The filaments 

appeared to be guided within the network by the circular features. The direction 

taken by the hyphae at the exit of the first round-about was determined after “tip-to- 

wall” contact with the second round-about as illustrated in Figure 3.10-A (red 

arrows) by deflecting the hyphae to the right or to the left side of the feature. The 

overall success rate which is the ratio of the number of hyphae exiting the Round

about network versus the total number of hyphae that entered the Round-about 

network initially was 0.89 (40:45). From the two pictures, it can be seen that the two 

hyphae were flexible and bent close to approximately 90 ° in contact with the 

features. Branching events were rare as the hyphae were predominantly following the 

structures and performed turns at 135 °. Usually a branching event appeared at the 

second round-about. The ratio of number of networks without branching events 

versus number of networks with branching events was 6.17 (37:6). During the 

experiments, branching events took place only once per network so no branching 

distances could be measured. Figure 4.10-B shows that the initial path chosen by the 

fungus was important since the right entry did not lead to the exit but led the filament 

to grow back out of the network.
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Figure 4.10: Hyphae growing in a Round-about structure, the black arrows indicate the hyphal growth 

direction. As seen in Figure A), the hypha initially passively follows the design of the first round

about and hits the second one, which causes a ‘decision’ on the further growth direction (red arrows). 

Figure B) shows two hyphae within two different round-about directed to grow back out of the 

structures rather than towards the second round-about by their choice of entering the maze via the 

right entry instead of the left one. The black arrows indicate the fungus growth direction. (40x 

magnification).
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Table 4.5 summaries the growth parameters and Figure 4.11 presents the histogram 

of the tip extension velocity. The mean branching angle was 119.3 ± 10.3 0 (there is 

no histogram representation because the sample contains only 6 data points). The 

distribution of the tip extension velocities is bimodal with two peaks at 0.008 and 

0.015 pm/s (Figure 4.11). The mean tip extension velocity in this structure was 0.011 

± 0.005 pm/s.

Branching angle (°) Branching distance

(pm)

Tip extension velocity

(pm/s)

Average 119.3 / 0.011

Maximum value 129.8 / 0.024

Minimum value 102.1 / 0.001

Standard deviation 10.3 / 0.005

Median 119.5 / 0.011

Number of values 6 / 287

Table 4.5: Descriptive statistics of the growth parameters of A. mellea growing within the Round

about network.

20-
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Figure 4.11: Distributions of tip extension velocities with fitted binomal distribution measured for 

hyphae of A. mellea growing within the Round-about network.
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The tip extension velocity was significantly changed by the confinement (P-value < 

0.01, Mann-Whitney test) as the branching angles (T-value - -7.47, P-value < 0.01, 

DF = 76, two-tailed pooled Student’s /-test).

4.2.3.4 Cellular network

This Cellular network consisted of a main path in the middle and four lateral paths 

with different angles of ± 30 °, 45 60 °, and 90 ° respectively. A total of 73 different

hyphae out of 48 networks were observed within the Cellular structure.

A, mellea was able to grow through the Cellular network either with or without 

branching events. In the later case, the growth direction was either straight (Figure 

4.12-A) or using lateral paths to find the exit (Figure 4.12-B, red circle). The ratio of 

number of networks without branching events versus number of networks with 

branching events was 3.80 (38:10).
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Figure 4.12: Picture A), shows a hypha growing in a Cellular structure using a straight path (40x 

magnification). Picture B), shows a hypha choosing a lateral path (red circle) (25x magnification). The 

black arrows indicate the hyphal growing direction.
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Table 4.6 summaries the species’ growth parameters and Figure 4.13 presents the 

corresponding histograms. The branching angle distribution seems to be uniform and 

ranges from 12 ° to 96 °. The mean branching angle measured in this structure was 

45.5 ± 25.6 0 indicating a preference for the third channel. The distribution of the 

branching distances exhibits a single peak at 15 pm. The mean branching distance 

was 21.6 ± 14.9 pm. The tip extension velocity distribution is bimodal with two 

peaks at 0.005 and 0.015 pm/s with a mean of 0.013 ± 0.006 pm/s (Figure 4.13). The 

overall success rate which is the ratio of the number of hyphae exiting the Cellular 

network versus the total number of hyphae that entered the Cellular network initially 

was 1.03 (75:73).

Branching Angle (°) Branching distance

(gm)

Tip extension velocity

(pm/s)

Average 45.5 21.6 0.013

Maximum value 96.6 50 0.029

Minimum value 12.1 6 0.001

Standard deviation 25.6 14.9 0.006

Median 47.3 15.5 0.14

Number of values 16 11 209

Table 4.6: Descriptive statistics of the growth parameters of A. mellea growing within the Cellular 

network.
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Figure 4.13: Distributions of A) branching angles; B) branching distances; C) tip extension velocities 

with fitted binomal distribution measured for hyphae of A. mellea growing within the Cellular 

network.

The tip extension velocity was significantly changed by the confinement and grew 

faster than on unstructured PDMS (T-value = -8.68, P-value < 0.01, DF = 3780, two- 

tailed pooled Student’s Mest). The branching angles (P-value = 0.05, Mann-Whitney 

test) and the branching distances were unchanged by the confinement (P-value = 

0.60, Mann-Whitney test).

Table 4.7 summaries the growth parameters of A. mellea on agar, on unstructured 

PDMS and within every network. Under low nutrient conditions, the mycelium of A. 

mellea was sparsely branched, whereas on nutrient-rich agar the branching pattern 

was dense. The number of branches decreased as the fungal colony grew further 

from the nutrient source into the microchannels which could be the consequences of 

the limited nutrients in the microchannels. The colony expanded randomly in every 

direction on open agar but in the confined areas, filaments exhibited a more 

controlled behaviour. The test shows that the confinement had an effect on the 

species’ growth pattern. Confinement within the Small maze, the Diamond and the 

Round-about structures increased the branching angle whereas in the Cellular
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structure the mean branching angle was reduced. An increased number of “tip-to- 

wall” collisions in the Diamond and the Cellular structures caused increased 

branching as compared to the Small maze structure. Due to the particular shape of the 

Round-about structure, it did not provoke regular branching. Branching distances 

were unchanged by the confinement. The hyphal growth directions were directed by 

the geometry of the mazes. A. mellea branches were induced by wall contact only 

and at the point of collision. The angles were about 30 ° to 40 0 larger than when 

measured in the open space and were about 90 0 within the networks due to the 

influence of the features. The response to a corner collision appeared to follow a 

certain hyphal algorithm because the process always took place as follows: the hypha 

hit the comer of a feature within a network, discontinued growth; the tip bulged and 

eventually resumed growth into the unobstructed direction out of the corner. In the 

‘plaza’-like space, branching occurred rarely. The tip extension velocity was 

significantly changed on the unstructured PDMS compared to on agar and also 

significantly changed within the networks than on unstructured PDMS. Structures 

like the Diamond and the Small maze networks, slowed down the hyphal growth rate 

more than the Cellular and Round-about networks (from 0.008 pm/s to 0.010 pm/s 

respectively). It seems to be the case that structures with a high density of internal 

features had a higher impact on fungal growth. The fungus was observed to navigate 

a given maze, like the Small maze network, using similar paths. In general, the 

species slid along the wall without attaching to it and was able to find the exit.
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Branching angle (°) Branching

distance (pm)

Tip extension velocity

(pm/s)

Agar Apical: 56.3 ± 19.0

Lateral: 55.9 ± 20.6

40.3 ± 28.6 0.017 ±0.006

Unstructured

PDMS

Apical: 60.0 ± 26.9

Lateral: 60.3 + 19.0

31.8 ±28.7 0.010 ±0.006

Small maze 90.7 ± 18.4 52.2 ±57.1 0.009 ±0.001

Diamond 94.5 ± 9.3 25.0 ± 12.2 0.008 ± 0.003

Round-about 119.3 ± 10.3 / 0.011 ±0.005

Cellular 45.5 ±25.6 21.6 ± 14.9 0.013 ±0.006

Table 4.7: Summary of the descriptive statistics of the growth parameters of A. mellea growing on 

agar, unstructured PDMS and within all tested networks. The values represent the mean (± standard 

deviation).

4.2.4 A. mellea general behaviour mediated by the structures or structures- 

independent behaviour

The fungus exhibited a specific behaviour influenced by the geometry of the maze 

but some general observations can be highlighted.

4.2.4.1 Behaviour when hitting a wall

Between two mazes and inside the networks, the hyphae regularly hit the walls and 

the features within the mazes. These collisions triggered two different responses;
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either a deflection to the right or to the left or the hyphal tip split into two daughter 

hyphae.

Wall contact resulting in a deflection without branching

Hyphal wall collisions with an impact angle’ smaller than 30 0 triggered no 

branching response but the hyphae followed the wall geometry. At an ‘impact angle’ 

between 30 0 and 70 0 the responses were in 10 % to 15 % of all cases no branching 

event and in ~ 1% of all cases a branching event (Figure 4.14 and Figure 4.15, red 

circles). Figure 4.16, summaries the behaviour of individual hyphae when they hit a 

wall. The mean angle was 52.3 °, standard deviation of 23.9 ° (233 values). This 

adaptation to the geometry is possibly due to the flexibility of the hyphal tip. This 

flexibility enables hyphae to penetrate into narrow channels and to ‘choose’ a growth 

direction to the left or to the right after a wall collision. The hyphae chose mostly the 

direction leading to the entry of a maze (Figure 4.15) and therefore to a continuation 

of growth through the microchannels away from the colony centre. Therefore, the 

species did not redirect its growth to avoid confinement.

Figure 4.14: Whether the hyphal tip splits or not depends on the angle of collision with the wall. The 

hyphae either split (blue circle) otherwise the hyphae curve (red circle). The black arrow indicates the 

hyphal growth direction, (40x magnification).
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t = 16 minutes

Figure 4.15: Hyphal ability to curve against a wall (the pictures have been taken every 4 minutes at 

40x magnification): t = 0 min, the hypha encounters a wall, at t = 4 min, the hypha grows toward the 

wall and starts a reorientation at t = 8 min. The hypha bends and continues apical extension at t = 12 

min and t = 16 min. The black arrow indicates the hyphal growth direction.
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Contact with the wall triggers branching

At “impact angles’ of more than 70 °, in about 10 % out of all cases, the response 

observed was tip splitting into two hyphae that grew in opposite directions away 

from the collision point, as shown in Figure 4.14 (blue circle) and in Figure 4.16. The 

mean angle was 95.0 °, standard deviation of 25.3 0 (38 values). The data indicated 

that the level of tip-splitting response increased according to the angle at which the 

hyphae collided with the wall.

—No-Branching 
• Branching

3 8.

_> 4-

Angle of hyphal impact (°)

Figure 4.16: Variation of the thigmotropic responses of A. mellea according to the angle of impact 

with a wall.

4.2.4.2 Hyphal searching for entrances and exits from the network

Hyphae approached the entry of a maze either by growing in a direction that aims 

towards the entry (Figure 4.17, red circle) or following a response to wall collision 

(Figure 4.17, blue circle). The ratio between the numbers of hyphae that navigated to 

the entry without any contact with a wall versus the number of hyphae that navigated 

to the entry after contact with a wall was 0.19 (8:42). The fungus was observed to 

actively target the entrance, which was not more than a 10 pm wide opening in a 100 

pm wide wall. Table 3.8 summaries A. mellea’ success rate within the different
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networks. For the Small maze and the Round-about networks the success rates were 

0.27 and 0.89 respectively. The rare initiation of branches as well as the complexity 

of the networks was responsible of the rate smaller than one. On the contrary, an 

increased number of hyphae formed by branching and exiting the structure were 

responsible for the rate larger than one for the Diamond and the Cellular networks 

(1.06 for the Diamond and 1.03 for the Cellular networks).

Figure 4.17: Shows the different behaviours observed before entering a maze, i.e. active growth 

toward the entry (red circle) and entry into the maze after a contact with a wall (blue circle). The black 

arrow indicates the hyphal growth direction. (40x magnification).

Small maze Diamond Round-about Cellular

Success rate

(exit versus

entrance rate)

0.27(13:49) 1.06(74:70) 0.89 (40:45) 1.03 (75:73)

Table 4.8: Success rate of A. mellea within all the microfluidics networks. The success rate represents 

the ratio of the number of hyphae exiting the structures versus the total number of hyphae that entered 

the structure initially. The numbers of hyphae are the one enclose within the brackets. For the 

Diamond and the Cellular network the values are larger than one because of the branching of hyphae 

inside the structure, which enabled several hyphae to find the exit from the same structure. For the 

Small maze and the Round-about the values are smaller than one because of rare branching events and 

less hyphae reaching the exit.
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4.2.4.3 Comer flexibility

The response to collisions with corners usually followed a distinct order: the hypha 

hit a corner then discontinued its growth, the tip bulged and the hypha eventually 

continued growth away from the comer. The filament response was either to 

successfully turn the comer or to stop growth. In the Small maze network, for 

example, A. mellea turned corners in 70 % of cases (n = 19) but did not turn and 

stopped in the remaining 30% of cases (n = 8).

Table 4.9 summaries the general observations of the behaviour of A. mellea. Even 

without nutrient cues, Armillaria mellea found the entry of the networks with ease. 

The microstructures containing a high density of features causing frequent wall 

collisions resulted in slower growth and apex perturbation, which in turn induced 

either tip splitting or a reorientation when the filament managed to adapt to the 

geometry. The networks provoked branching by physical obstruction.

Apical growth rate Decreased within all the networks

Branching rates Vast decrease within the networks, branching occurred

occasionally

Branching angles Increased, close to orthogonal

Wall collision Loose attachment to the wall and initiation of branches after “tip-

to-wall” collision

Corner response In the Small maze network, hyphae turn comers in 70% (19) of

cases and do not turn and stop growth in the remaining 30% (8)

Hyphal flexibility The apex is flexible resulting in a successful growth through the

channels and adaptation to the geometry

Table 4.9: Summary of the behaviour of A. mellea in microfluidic networks. The brackets enclose the 

numbers of data points.
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4.3 Discussion

4.3.1 Introduction

In this study, three parameters were examined, the tip extension velocity, the 

branching angles and the distances between two successful branches. Statistical 

analysis showed a strong influence of confinement on the species’ tip extension 

velocity and branching angles regardless of the mazes used. Confinement affected 

the growth pattern of A. mellea in terms of decreasing hyphal extension rates and 

increasing hyphal branching angles.

The natural environments of filamentous fungi are complex and diverse (Evans, 

Hedger 2001). The laboratory substrate commonly used in research, a planar agar 

surface, fails to reflect the complexity of filamentous fungi’s natural enviromnents 

(Pricker, Lee et al. 2008; Kasuga, Glass 2008; Gougouli, Koutsoumanis 2010). A. 

mellea is a woody plant pathogen that causes wood decay in an enclosed 

enviromnent that has a variety of physical and chemical conditions (Plomion, 

Leprovost et al. 2001). The mycelia networks allow fungi to colonize new 

enviromnents and have a natural ability to grow in microscale channels. Although the 

natural environment of fungi might be more complex than the tested microstructures, 

their application to the fungus revealed a specific search behaviour of A. mellea that 

could in turn reveal deeper insight into fungal growth in general.

4.3.2 A. mellea branching patterns and exploratory behaviour

As the filaments grew from a nutrient-rich to a nutrient-free area and from an open to 

a confined area, which comprised a variety of obstacles, the growth parameters 

changed. Agar plates traditionally encourage mycelial proliferation so the growth 

pattern that A. mellea exhibited on a potato dextrose agar plate represented its 

optimum. A. mellea exhibited apical branching whereas the predominant branching 

pattern exhibited by filamentous fungi is lateral branching (Harris 2008). The 

branching pattern enabled the mycelium to fully explore its enviromnent and exploit
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nutrient sources efficiently. The data measured within the microconfined networks 

show that hyphal extension rates were affected negatively (except for the Cellular 

network) by confinement and by the collisions with the internal features. The 

interaction with the geometry of the networks suppressed branching, which appeared 

be triggered externally by “tip-to-waH” collisions resulting in increased branching 

angles. Hyphae that grew on unstructured PDMS showed a reduced branching 

pattern in comparison to agar surfaces suggesting that growth and branching were 

not only limited by the obstacles but also by availability of nutrients. Hyphal 

extension is generally promoted by the transport of nutrients within and between 

hyphae (Shepherd, Orlovich et al. 1993, Hyde, Ashford 1997) which allow hyphae to 

extend for relatively long distances through nutrient-poor areas. Although the growth 

dynamics of A. mellea was disrupted due to the smTace changes, hyphae continued 

extension away from the colony centre. This high degree of adaptability to 

heterogeneous environments is a key feature of A. mellea as a plant pathogen.

Confinement within the microstructures completely suppressed the ‘normal5 

branching pattern of A. mellea observed on agar. Multiple branching in 

microstructures generally has many advantages. The fungus is more likely to find the 

exit more quickly because each hypha will explore a different path. Additionally, the 

multiple branching modes enhance the survival of the fungus because the fungus will 

maximize its efficiency to use the nutritional resource available. Armillaria mellea 

devoted less biomass for the exploration of the structures and solved the networks 

frequently with a single hypha (with a simple response). A single hypha exploring 

the maze has a lower probability to find the exit quickly but requires fewer resources. 

It seems that A. mellea prefers the ‘saving energy option’. The branching rate 

appeared to be low because of the nutrient deficient environment.

On unstructured PDMS, Armillaria’s newly formed filaments exhibited a definite 

behaviour whereby the hyphae gradually redirected their growth to smaller angles; 

this could be in accordance with the fact that in natural environments the hyphae 

aggregate at some point to form rhizomorphs. A rhizomorph is an aggregation of 

thousands of hyphae organized into a root-like structure that offers significant
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advantages to the fungus because this structure is much less fragile than single 

hyphae.

Model of Wood decay

Wood is a porous medium with a complex hierarchical structure (Figure 3.17). At the 

macroscopic scale wood consists of growth rings. On the mesoscopic scale, the 

growth rings are formed by cells that vary in their geometry and dimensions 

according to their function. Softwood is made of two types of cells: tracheids and 

rays which are positioned radially in order to transport nutrients across the growth 

rings. At the microscopic scale, the lumens of the cells (i.e. the voids within the cells) 

are interconnected through pits. At the submicroscopic level the cell wall is 

composed of layers of macromolecules, such as cellulose, lignin and hemicelluloses, 

which are the main nutrient sources of wood-decay fungi, besides water and oxygen.

L
Tracheid Transition wood

Ray

Figure 3.17: Schematic organization of the trunk of a tree layer by layer in the longitudinal (L), radial 

(R) and tangential (T) directions (Fuhr, Schubert et al. 2011).
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Physical quantification of the microscopic decay patterns of fungi is difficult, 

because of the opacity of wood and the heterogeneity of its structure. Many authors 

have tried to deal with the decay pattern of P. vilreits (Schwarze, Landmesser 2000; 

Lehringer, Hillebrand et al. 2010) or have performed quantification on macroscopic 

wood properties (Schwarze, Landmesser et al. 2006; Schwarze, Spycher et al. 2008). 

One powerful method to achieve a physical quantification of the microscopic decay 

pattern of a fungus is through mathematical modeling. Wood does canalize hyphal 

growth because of the directed distribution of the pits and cell walls, which restricts 

the availability of nutrients. In the longitudinal direction the tracheids determine the 

direction of the mycelium and the rays canalize the hyphae in the radial direction. 

The pits are the main pathway for the fungus to move from tracheid to tracheid. 

According to the model developed by Fuhr, Schubert et al. (2011) who observed the 

colonization of a white-rot fungus, Physisporimis vitreus, the hypha first enters a 

tracheid and then grows from pit to pit. During growth along the tracheid apical 

branching occurs. When the end of the tracheid is reached the spread of the 

mycelium in the longitudinal direction stops and lateral branching occurs. After some 

time, the hypha is able to reach a new tracheid through an open pit and the 

colonization process starts again. Mechanical force and chemical secretions from the 

hyphae promote the progression through the tissues. The substrate is colonized step 

by step with alternating phases of restricted and unrestricted growth according to the 

nutrient availability. With increasing fungal infection, the wood becomes more 

porous.

It is possible to develop hyphal growth models with the help of simulations that are 

not just limited to the centimeter scale rather to the microscopic scale as shown by 

the model presented by Fuhr, Schubert et al. (2011). Quantifiable parameters 

included the degradation rate but the model gave no information about the branching 

behaviour such as the exact branching angles and the inter-branching distance. 

PDMS substrates differ both physically and chemically from natural habitats 

colonized by fungi but more quantitative information about how complex systems 

like fungus-wood interact are directly measurable.
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4.3.3 A. mellea adaptation and sensory behaviom* within the network

The results showed that A. mellea successfully and dynamically navigated different 

type of mazes, i.e., one or more hyphae reached the exit and was able to explore 

them. Once the hyphae find the entry they were also very efficient to find the exit of 

every network tested. Filamentous fungi naturally explore environments via apical 

cells that capture nutrients and are engaged in the sensing of the local environment 

(Harris 2008). The mazes tested were very different from each other and the species 

seemed to adapt rapidly to new environments. In order for a single hypha to explore 

the maze, it must be very flexible enabling a variety of turns including u-turns in 

channels as narrow as 5 pm. The Small maze was always explored in a similar 

fashion suggesting that a robust set of growth algorithms determines the growth 

dynamics. An interesting aspect revealed during this study was that the hyphae did 

not require any nutrient-related clues to explore and resolve the networks. Previous 

studies by Nakagaki et al. (2000) have demonstrated the capability of a slime mold to 

comiect two nutrient sources via the shortest path through a maze-like structure.

It is unclear which mechanisms fungi use to navigate the mazes. Growth is generally 

directed either by tactic or tropic mechanisms. Tropism is defined as a directional 

growth response of an organism to an external stimulus. Thigmotropism, a 

movement in which an organism moves or grows in response to touch or contact 

stimuli, was identified to play an important role in both plant and human fungal 

pathogens (Hoch, Staples et al. 1987, Brand, Gow 2009). Previous work by Bowen, 

Davidson et al. 2007 with Aspergillus niger has demonstrated a variation in the 

levels of thigmotropic sensitivity based on the angle at which the hyphae impact the 

channel walls. The thigmotropic responses were investigated using microfabricated 

surface topographical cues. The work showed that the thigmotropic response (hyphal 

deflections away from ridges) decreased as the impact angle increased in nutrient- 

depleted conditions. The non-thigmotropic response was hyphae crossing over ridges 

without deflection. Bowen suggested that touch-sensing may not operate efficiently 

at the extreme apex of the apical dome. In contrast to A. niger, A. mellea }s filaments 

split into two new filaments after a mechanical contact with an obstacle at an impact

100



angle of approximately 90 °. Similarly to A. niger, at a smaller angle of interaction to 

a wall, A. mellea’s filaments were observed to choose “left versus right” and to 

adhere to the wall. In A. niger's case, the nutrient deficient enviromnent appeared to 

cause decreased thigmotropic sensitivity of hyphal impact with obstacles > 70 The 

stress caused by the enviromnent may have disrupted the supply of cell wall- and 

membrane-building blocks to the tip, causing the hyphal apex to remain undeveloped 

and unable to respond to thigmotropic signals. The microfluidic system used in this 

thesis provided a tight confinement in the three spatial dimensions. Obstacles made 

the hyphae bulge because the hyphae cannot overcome the wall. Katz, Goldstein et 

al. (1972) and Trinci (1974) suggested that tip splitting occurs in response to 

abnormal accumulation of exocytic vesicles at the hyphal tip. The supply of vesicles 

exceeds their capacity to be incorporated into the existing tip leading to the formation 

of a new tip and thereby disrupting apical dominance. For A. mellea the tip splits into 

two hyphae when a hypha hits an obstacle at angle > 70 °. The two hyphae emanate 

from the collision point trying to grow around the obstacle. The hypha first hit the 

wall, the apex bulged. The hypha then resumed its growth followed by the 

appearance of a second hypha. This is possible due to the high flexibility of the apex. 

During this process the Spitzenkorper must split into two and the cytoskeleton must 

rearrange to deliver vesicles to both sites.

As an opportunistic wood pathogen, environmental sensing is important for 

Armillaria mellea. The filaments of the fungus were observed to converge towards 

the entries of a maze. This observation suggests that the species’ space searching 

methods also include non-thigmotropic sensing. According to Hanson, Filipponi et 

al. (2005) the environmental cues for this response may be the changes in self

generated gradients (metabolic products, ions, gradients of oxygen, and so forth). 

Filamentous fungi are likely to possess sensory receptors that could be involved in 

this mechanism. Filamentous fungi have conserved signal-transduction pathways that 

allow them to sense changes in their enviromnent. They are able to sense light, gases 

or chemicals (Balm, Xue et al. 2007). For A. mellea, tropism is a bending response 

that orientates a hypha towards a particular direction.
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4.3.4 Comparison with Neurospora crassa and Picnoporus cinnabarinus

The set of experiments presented in this work have also been conducted with two 

other fungal species: Neurospora crassa (Held, Edwards et al. 2009, 2011, Held, 

Binz et al. 2009) and Picnoporus cinnabarinus (Hanson, Nicolau Jr et al. 2006). The 

growth parameters, i.e. branching angles, branching distances and tip extension 

velocities of these species changed due to confinement and their general behaviour 

was different in comparison to the one exhibited by Armillaria mellea. Nevertheless, 

there were some similarities between two or even all three species. Armillaria mellea 

and Picnoporus cinnabarinus are both plant pathogens and belong to the phylum 

Basidiomycota. Thus they may share more common points with each other than with 

Neurospora crassa. N crassa belongs to the phylum Ascomycota and its natural 

environment is dead plant matter after fires.

Similarities for all the species included the fact that the branching angle increased 

within the structures. The hyphal tip splits subsequent to wall collisions was also 

observed for N crassa. The tip extension velocity growth rates were unchanged by 

confinement for P. cinnabarinus but changed in comparison to agar. The tip 

extension velocity was reduced by the confinement for N. crassa and A. mellea. 

Hyphal branching was significantly amplified by confinement through interaction 

with the microstructured geometry within the Small maze for P. cinnabarinus. 

Hyphal branching generally increased for N. crassa but was suppressed by narrow 

and periodic structures as observed for A. mellea. The convergence of hyphae toward 

the entry of mazes has only been observed for P. cinnabarinus and A. mellea. A 

major finding and difference for A. mellea compared to the two other species was 

directional memory. Directional memory is defined as: after the hyphae turned 

because of the geometry, they maintained the exact direction that they had previously 

from parent filament branching (Hanson, Nicolau Jr et al. 2006). A. mellea did not 

show any directional memory, expressed by several observations. Firstly, the growth 

directions of individual hyphae followed the geometry of the networks, i.e. the 

hyphae were passively guided by the maze walls. Secondly, in the Small maze, the 

hyphae navigated the maze always in a similar fashion despite the differing initial

102



growth directions of the hyphae prior to entering the maze. If the fungus possessed 

directional memory, individual hyphae should explore different areas of the maze but 

they do not. Thirdly, on unstructured PDMS, after branching, the newly formed 

hyphae redirected their growth to a smaller angle and extended parallel to the parent 

hyphae. All the species were able to turn corners in 63 % of all cases for N. crasset 

and 21 % of all cases for P. cinnabarinus. The hyphal apex of N. crassa is flexible 

resulting in close wall attachment and therefore adaptation to the geometry. 

However, the mature parts of the hyphae are rather stiff. The apex and the hyphae of 

P. cinnabarinus are quite stiff. The apex of A. mellea hyphae is flexible, resulting in 

a successful growth through the channels and adaptation to the geometry. Within the 

networks, there were a large number of collisions with the features. The tips of N. 

crassa hyphae split into two new branches if the collision angle is 90.0 ± 35.0 °. A. 

mellea hyphae were ‘loosely’ attached to the wall and tip splitting were initiated 

more frequently (~ 10 % of all cases) when the collision angle was between 70 ° and 

90 °. Inside the mazes, the species was often observed to grow against the walls, 

therefore exhibiting a behaviour observed during tree colonization (invasion 

strategies include direct penetration into cells). P. cinnabarinus hyphae were 

observed to ‘nose’ along the wall.

The data showed that different fungal species respond in different ways to 

confinement. These behaviours suggest distinct adaptations to their respective 

ecological niches. It suggests also that the branching mechanisms might be different 

for each species. For example within the Small maze networks, the number of 

branches increased for N. crassa and P. cinnabarinus. Therefore, it is concluded that 

both species employ branching as a strategy for colonizing the maximum surface 

available. In contrast, A. mellea predominantly navigates the networks with only one 

hypha. The findings from this study combined with the results from N. crassa and P. 

cinnabarinus suggest that filamentous fungi generally respond actively to the 

different networks, hence making thigmotropism an important parameter of fungal 

growth.
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4.4 Conclusions

From the work presented in this chapter interesting responses which are distinct 

structure-independent and structure-dependent has been shown. A. mellea found the 

entry of the different network easily because the hyphae grew toward the channel 

which was not expected from a random search. Once the hyphae found the entry, 

they were also very efficient to find the exit of every network. Although A. mellea 

could grow through every network, the design significantly changes the behaviour. In 

terms of (i) velocity which decrease in comparison to the growth rate measured on 

agar and unstructured PDMS, (ii) branching behaviour which only occurred after 

“tip-to-wall” collision at an angle superior to 70 0 and (iii) branching angle which 

was identical to the obstacles’ shapes (~90 °) and therefore larger than within an 

obstacles free environment. The apex of A. mellea was very flexible and could adapt 

easily to the geometry of the features which indicate that these characteristics could 

be biologically beneficial in its natural enviromnent. In conclusion hyphal growth 

can be directed within complex microstructures. Different species were already 

tested within the same set of networks which lead to the conclusion that different 

species showed different behaviour so some responses are species-specific but also 

similarities which mean that some responses are generic to all fungi (Hanson, 

Nicolau Jr et al. 2006, Held, Edwards et al. 2011).

Further investigation with fluorescence and confocal microscopy techniques will 

enable the understanding of fungal growth via the observation of intra-cellular 

events. Many other questions can be investigated concerning fungal branching 

process. Species-specific responses open the avenue for the design of surfaces that 

are species selective and for studies that can reveal new search algorithms. 

Simulations can for instance be done to show which species are the more efficient to 

solve a given set of mazes.
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Chapter 5

Motility of

Serratia marcescens and Pseudomonas stutzeri in

complex geometries

5.1 Introduction

This chapter aims to quantify the movement of bacterial cells through various 

geometrical environments. The model organisms used here are Serratia marcescens 

and Pseudomonas stutzeri. The two species differ in their arrangement of their 

flagella around the body and consequently their motility behaviour differs. S. 

marcescens is peritrichously flagellated which means that the cell body is surrounded 

by two or more flagella. P. stutzeri possess a single polar flagellum. In culture with 

high nutrient concentration the swimming behaviour of peritrichously flagellated 

bacteria is called a “random walk” which is a uniform movement (Berg, Brown 

1972). Monotrichously flagellated bacterium swim essentially back and forward and 

are unable to tumble. The clockwise rotation of a bundle of peritrichous flagella 

corresponds to a brief stop of a monotrichous flagellum between counterclockwise 

and clockwise rotation. Thus the clockwise flagellar rotation in monotrichously 

flagellated bacteria plays a different role from that of peritrichously flagellated 

bacteria (Magariyama, Ichiba et al. 2005).

Both species are naturally occurring soil bacteria. Soil is an environment presenting 

complex surfaces that are inherently microstmctured and heterogeneous. This study 

will give insights about the behaviour of these two bacterial species at the 

microscale.
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The swimming motion of bacteria, particularly in non-confined environments has 

been widely studied (Adler, Dahl 1967; Berg, Brown 1972; Ford et al. 1991; Philips, 

Quinn et al. 1994) but considerably less is known about motion in confined 

environments. The past studies involving bacteria in confinement have been done 

essentially with E. coli which is peritrichously flagellated. Work concerning 

monotrichously flagellated bacteria is not as detailed, especially concerning 

confinement. Does the geometry affect the species differently? Do the different 

arrangements of the flagella confer any advantages?

Using data available, it will be possible to predict the movement of bacterial cells 

through various substrates and to measure the factors controlling bacterial movement 

in these environments. This may help to understand how bacteria move in soil 

matrices, penetrate water filtering systems or form biofilms.
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5.2 Results

The effects of a wide range of restricted geometries of different shape and 

complexity were examined on the swimming behaviour of S. marcescens and P. 

stutzeri. Single cell motility was determined by different parameters: cell velocity, 

cell acceleration, and the deflection angle, which is the angle between a straight 

direction and the direction after a tumble as shown in Figure 5.1-A. Another 

parameter quantified was the influence of boundaries on bacterial cells by identifying 

the smallest distance between a bacterium and the nearest wall (Figure 5.1-B). The x 

and y coordinates of the trajectories of the bacteria were generated by manual 

tracking with Retrac or Imaged. From the coordinates the acceleration and the 

deflection angle were calculated (See Materials and Methods, section 3.5.2). The 

velocity data were given by the software.
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c (x3,y3)

Figure 5.1: A): Definition of the deflection angle. The positions A, B and C represent the coordinates 

of a bacterial cell swimming through a medium. From A to B, the cell is doing a run then tumbles and 

changes its swimming direction toward C. The deflection angle (8) represents the angle between a 

straight direction and the direction after a tumble as indicated in the Figure. B): As the bacteria swam 

over the surface (green plot) the minimum distance between the cell movement and the lateral wall 

(red arrows) was measured. This was done for each green dot which is the bacterial movement tracked 

and divided frame by frame. The ‘plaza’-like space is 100 pm wide so the minimum distance between 

a bacterium and the nearest wall would be 0 pm and the maximum 50 pm.
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5.2.1. Flagella staining, growth curve and colonies counting

Figure 5.2 A - B shows the flagella staining of S', marcescens and a drawing of a 

monotrichously flagellated bacterium similar to P. stutzeri. The cellular body of S. 

marcescens as well as the flagella are highly discernible. The cell possesses multiple 

flagella (4 to 5) that are here bundled up at one polar end. The flagella look very 

straight and the cell is representative of the swimming state.

B)

Figure 5.2: A) S. marcescens flagella stained by silver nitrate (lOOx oil immersion objective). Bar = 5 

gm. B) Schematic representation of a polarly-flagellated bacterium (not to scale).

For all the experiments, the bacterial cells were loaded into the microfluidics 

structures when they had reached the mid-exponential phase of growth (ODsoo 

between 0.6 and 0.8 for S. marcescens and ODeoo of 0.5 for P. stutzeri). Figure 4.3 

represents S. marcescens and P. stutzeri growth curves. Mid-exponential phase 

represents the stage of maximum growth during which the cells are supposed to be 

very motile. The cell density of S. marcescens in LB growth medium at mid-
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exponential phase was detennined to be -5.108 CFU/ml (colony-forming unit). The 

time needed for the population to double during the exponential phase was 33 

minutes. The time needed for the population of P. stutzeh to double was 61.2 

minutes and the cell density at ODfioo of 0.5 was determined to be ~10‘ CFU/ml. 

Under the same condition of temperature, pH, oxygen and nutrients the two species 

have variations in generation time.

Time (min)

Time (min)

Figure 5.3: Serratia marcescens (A) and Pseudomonas stutzeri (B) growth curve in LB medium where 

we can distinguish different phases of growth. The lag-phase (0-20 minutes), which is a period of 

slow growth and the bacteria are adapting in the growth medium. The exponential phase (20 to 100 

minutes for S. marcescens and 20 to 180 for P. stutzeri) is a phase of exponential growth. The 

population is doubling every replication cycle. The stationary phase (after 120 minutes for S. 

marcescens) occurs when the nutrients become limiting.
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5.2.2 Bacterial swimming behaviour within the different networks

5.2.2.1 ‘Plaza5-like area

The ‘plaza5-like square measures 100 pm by 100 pm and is 10 pm deep. The lateral 

walls as well as the ceiling are made from PDMS and the floor is made from glass. 

Two of the lateral walls are directly connected to the geometries. The ‘plaza5-like 

space is filled with LB growth medium, the environment is therefore homogeneous. 

50 bacteria for each species were tracked within the ‘plaza5-like area. For this section 

as well as for the following one, the bacteria were observed at the mid-plane. The 

field of view was 140 pm by 160 pm using a 60x objective lens.

S. marcescens in this large square showed some of the movement observed in 

unbound liquid media (Berg, 2004). The track of one cell appeared as a series of 

approximately straight segments, during which the cell moves forward, separated by 

turns of random angle. The swimming cells swam randomly over the surface. 

Changes in direction are “gradual55 (~20 °) or “abrupt55 (~90 °) (Figure 5.4-A). A 

deflection angle distribution was measured in the ‘plaza5-like space. The mean 

deflection angle was 30.8 ± 34.0 ° and the distribution was exponential with a bias 

toward smaller turn angles (Figure 4.5). Smaller angles represent fewer changes in 

direction. S. marcescens cells were observed to trace out a clockwise circle (when 

viewed from above) (Figure 5.4-B).

The tracking of free-swimming cells of P. stutzeri showed a similar set of plot of 

trajectories already observed with S. marcescens. The resulting motile behaviour 

consisted of forward and backward movements. Figure 5.4-C shows a typical back- 

forward movement. The switching between forward and backward modes is rapid 

and corresponds to a brief stop (Homma et al. 1996). The traditional forward- 

backward movement did not repeat itself; the bacterium showed unidirectional 

swimming over long distances (Figure 5.4-E). Similarly to S. marcescens, P. stutzeri 

cells displayed clockwise circular movement (Figure 5.4-D). A deflection angle
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distribution was measured (Figure 5.5). The mean turn-angle was 18.4 ± 15.6 °; the 

distribution was exponentially distributed with a bias toward smaller angles (main 

peak at 0-10 °) which correspond to a bacterium continuing in a direction close to its 

original direction.

Figure 5.4: S. marcescem (A and B) and P. stutzeri (C, D and E) set of trajectories within the ‘p'323’- 

like space. The ‘plaza’-like space represents the free space between the networks (here the Stripe and 

Diamond networks). The plots were generated by manual tracking with Retrac. It can be seen that the 

free-swimming bacteria are either swimming in relatively straight lines A) and E) or trace out circular 

trajectories B) and D). The Figure 4.4 C) shows P. stutzeri swimming forward and backward.
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Figure 5.5: S. marcescens (A) and P. stutzeri (B) deflection angle distribution within the ‘plaza’-like 

space. The distributions are similar and exponential with a bias toward smaller angles.

The mean velocity of S. marcescens single cells was 19.7 ± 9.6 jim/s (Figure 5.6-A). 

The distribution seemed to be uniform and normal. The peaks of acceleration of S. 

marcescens ranged from 0 to 150 pm/s2. The distribution was normal (Figure 5.7-A).
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The mean velocity measured in the ‘plaza’-like space for P. stutzeri reached 27.0 ± 

11.3 pm/s (Figure 5.6-B). The main peaks of linear acceleration were between 0 and 

50 pm/s2 (Figure 5.7-B). Both distributions were normal. P. stutzeri swam faster than 

S. marcescens.

B)

18

Velocity (pm/s)

Figure 5.6: S. marcescens and P. stutzeri velocity distribution within the ‘plaza’-like space with fitted 

normal distribution. The velocity of each bacterial cell was directly calculated by Retrac.
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Figure 5.7: S. marcescens and P. stulzeri acceleration distribution within the ‘plaza’-like space with 

fitted normal distribution. The acceleration data were calculated from the velocity data calculated by 

Retrac.

Within the ‘plaza’-like space, the bacterial movement is restricted to two- 

dimensions, which result in only two possibilities; straight motion or turn in the 

reverse direction after a tumble. According to our videos, the cell population swam
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either toward the micro-channels or toward the lateral walls. To quantify whether the 

bacterium had a particular affinity for the wall, we measured for each path the 

smallest distance between a cell and the lateral wall in order to determine their 

preferred position. According to Figure 5.8-A, S. marcescens cells were present 

everywhere with a preference for positions at 10-15 pm and 25-30 pm from the 

lateral wall (main peak at 12.5 pm). It seemed that the cells’ velocities were not 

affected at all by the boundaries. Figure 5.9-A shows a constant velocity whatever 

the cells’ position. P. stutzeri cells showed a tendency to swim toward the edges of 

the ‘plaza’-like space as well as towards the microstructures. According to Figure 

5.8-B, the bacteria are present everywhere but there is a preferred position at 5-20 

pm from the lateral wall (main peak at 12.5 pm). Figure 5.9-B shows no really 

effect of the boundaries on the cells’ velocities.
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Figure 5.8: Distribution of the minimum distance of S. marcescens (A) and P. slutzeri (B) cells from 

the lateral wall with fitted normal distribution. As the bacteria swam on the surface of the ‘plaza’-like 

space the distance between a cell and the lateral wall was systematically recorded in order to 

determine the preferred position of the cells.
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Figure 5.9: Correlation between the cells’ velocity and the minimum distance to the lateral wall for S. 

marcescens (A) and P. stutzeri (B). The velocity was constant indicating that there was no influence 

from the lateral walls. The bars represent the standard deviation.
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Table 5.1 presents a summary of the motility data for both species in the ‘plaza’-like 

space. S. marcescens and P. stutzeri shared some common behaviour such as circular 

trajectories or straight paths. The observed circular trajectories are not perfect circles 

with a fixed radius. Instead deviations from a circular trajectory can be observed with 

a varying radius. P. stutzeri smaller deflection angles indicate that the dominant 

patterns of the species were straight paths with small deviation from the original 

trajectory. S. marcescens was able to change its swimming direction more often than 

P. stutzeri. P. stutzeri swam faster than S. marcescens over the surface. None of the 

species seemed to experience any effect from the lateral boundaries in term of 

swimming speed and both species were able to move all over the surface. The motile 

behaviour of P. stutzeri to that of S. marcescens appeared to be quite different.

Mean velocity (pm/s) Acceleration range 
(pm/s2)

Mean deflection angle 
(°)

Species Sm Ps Sm Ps Sm Ps

‘Plaza’-like
space

19.7
(±9.6)
(2858)

27.6
(±11.3)
(1707)

0-150
(2858)

0-50
(1661)

30.8 
(± 34.0) 
(2778)

18.4 
(± 15.6) 
(1647)

Table 5.1: Summary of the motility data of S. marcescens (Sm) and P. stutzeri {Ps) measured in the 

‘plaza’-like space. Data represent the mean (± standard deviation) except for the data concerning the 

acceleration where only the range is indicated. The brackets enclose the numbers of data points for 

every parameter.

Both populations of cells were now observed in different networks. As described in 

chapter 3 section 3.1.1, all networks showed different levels of complexity and 

different designs. Natural habitats are usually porous and tortuous. Complex mazes 

were used under the assumption that an enclosed environment would provide a 

means to systematically perturb the cell population. The geometries allow monitoring 

of how the population of bacteria adapt to live in confined environments and allow 

monitoring the population of cells in one experiment.

119



5.2.2.2 Stripe network

The effects of different channel widths (2 to 10 ]am) on motility of S. marcescens and 

P. stutzeri were investigated. The motility parameters measured were the velocity, 

acceleration and deflection angles as well as the species’ positions within the 

channels,

80 cells of S. marcescens were tracked within the Stiipe structures. Bacterial cells 

reaching the edge of a channel underwent a directional motion following closely the 

PDMS wall with small deviation in the swimming trajectory from a straight path 

within the networks (Figure 5.10). Crossings from one wall to the opposite wall were 

also observed. The cells could easily swim through every channel regardless of size 

and swam very close to the lateral wall. As the width of the channels decreased, the 

bacteria maintained nearly constant straight motion. The mean deflection angle was 

also measured in the Stiipe network (Figure 5.11). The mean deflection angle of 20.5 

± 17.8 0 was smaller in the 10 pm chamiel compared with those observed in the 

'plaza’-like space. This can be explained by the size of the channels; the freedom of 

movement was much greater in the ‘plaza’-like space than in the Stripe network.
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10 |am 6 jam

Figure 5.10: Set of plots of 5. marcescens swimming within the 10 pm and 6 pm channels of the 

Stripe network. The plots were generated by manual tracking with Retrac and show examples of 

trajectories of a single bacterium. Within the 6 pm wide channel the bacterium swim forward and 

close to the channel wall. Within the 10 pm wide channel the forward swimming is interrupted by a 

tumble (red box) which makes the cell temporarily move away from the wall.

Channels width (|nm)

Figure 5.11: Mean deflection angle of S. marcescens measured for each channel (2 pm to 10 pm) of 

the Stripe network. The deflection angles are constant with the exception of the 2 pm channel. The 

bars represent the standard deviation.
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The mean velocity was 29.8 ± 10.2 fim/s in the 10 (im channel and decreased slightly 

(exception was the 5 pm channel) to reach 24.6 ± 7.2 pm/s in the 2 pm channel 

(Figure 5.12). The bacteria swam faster within the Stripe micro-channels than in the 

'plaza'-like 100 pm channels. The peak of acceleration was between 0 and 50 pm/s2 

(Figure 5.13). Within the ‘plaza’-like space the acceleration values were more 

widespread than in the Stripe network showing that the Stripe network induces a 

more constant motility rate. The minimum distance between a bacterial cell and the 

lateral wall was also measured to check any hydrodynamic force effects. The 

exponential distribution indicates a cell’s strong affinity for a wall. The peak of 

maximum density of bacteria was always localized within 1 pm from the lateral wall 

(Figure 5.14).

15-

Channels width (pm)

Figure 5.12: Mean velocity of 5. marcescens measured for each channel (2 gm to 10 gm) of the Stripe 

network. The velocity decreased slightly from the 10 gm channel to the 2 gm channel. The bars 

represent the standard deviation.
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Figure 5.13: Distribution of acceleration of S. marcescem in the 10 |im and 5 gm channels with fitted 

normal distribution. Similar distributions were measured in the 9-, 8-, 7-, 6-, 4-, 3-, and 2 gm channels 

(See appendix 1). A peak of acceleration was seen at 50 pm/s2.
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Minimum distance (}im) - 10 jam

Minimum distance (jam) - 5 (am

Figure 5.14: Distribution of the minimum distance between S. marcescem cells and the channel wall 

within the 10 gm and the 5 gm wide channels with fitted normal distribution. Similar distributions 

were measured in the 9-, 8-, 7-, 6-, 4-, 3-, and 2 gm channels (See appendix I). Most of the cells are 

distributed within 1pm from the channel wall.

124



P. stutzeri tracking within the Stripe network revealed that the cells were moving 

constantly forward following closely the channels walls (Figure 5.15-A). In some 

channels, the motion appeared wavy and the bacterium alternated between the two 

walls (Figure 5.15-B). Back-forward movements were seen within the channels. A 

deflection angle distribution was measured in every channel. The mean deflection 

angle was found to be quite constant for the channels between 10 pm to 5 pm (19-20 

°) then the angle decreased to reach 6.8 ° in the 3 pm channel (Figure 5.16).

Figure 5.15: Example of P. stutzeri trajectories within the Stripe network. The set of plots was 

generated by manual tracking with Retrac. P. stutzeri cells both moved forward and close to the wall 

(A) or exhibited a wavy motion (B).
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Channels width (fim)

Figure 5.16: Mean deflection angle of P. stutzeri measured for each channel (2 (itn to 10 gm) of the 

Stripe network. The deflection angles are constant until the 5 gm channel then decreased. The bars 

represent the standard deviation.

The mean velocity was 27.9 ±13.4 jam/s in the 10 (am channel. The velocities of the 

cells were the same in comparison to the ‘plaza’-like space. The mean velocity was 

affected by the channel width in narrower channels only. In the 2 pm channel the 

mean velocity was 12.7 ± 7.1 pm/s (Figure 5.17). The main acceleration peak was 

between 0 to 50 pm/s2 (Figure 5. 18).
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Figure 5.17: Mean velocity of P. stutzeri measured for each channel (2 |im to 10 gm) of the Stripe 

network. The velocity is constant and similar to the ‘plaza’-like space until the 4 pm channel then 

decreased. The bars represent the standard deviation.
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Figure 5.18: Distribution of acceleration of P. stutzeri in the 10 |iin and 5 [im channels with fitted 

normal distribution. Similar distributions were measured in the 9-, 8-, 7-, 6-, 4-, 3-, and 2 gm channels 

(See appendix I). The main peak of acceleration is at 50 pm/s2.

128



Similarly to S. marcescens the cells’ distribution close to each channel walls, which 

is the minimum distance (Figure 5.19) was measured. The density distribution in the 

10 (am channel showed the maximum density of cells within 1 fim from the wall. 

The distribution in the 5 (am channel showed no preference for a particular distance.

Figure 5.19: Distribution of the minimum distance between P. stutzeri cells and the channel wall 

within the 10 gm and the 5 gm wide channels with fitted normal distribution. Similar distributions 

were measured in the 9-, 8-, 7-, 6-, 4-, 3-, and 2 gm channels (See appendix I). Within the 10 gm 

channel the cells show an affinity for the channel wall but not within the 5 gm channel.
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Table 5.2 summarises the motility data for S. marcescens and P. stutzeri within the 

‘plaza’-like space and within the Stripe networks. The species’ behaviour appeared 

to be different in the micro-channels. The S. marcescens swimming pattern is a run 

and tumble in one direction. P. stutzeri showed similar but also different swimming 

patterns: forward movement with much longer runs and also wavy motions. 

Additionally P. stutzeri did not seem to swim very close to the wall of the micro

channels. The species did not experience the ‘wall effect’ as much as S. marcescens 

did.

Mean velocity (pm/s) Acceleration range (pm/s2) Mean deflection angle (°)

Species Sm Ps Sm Ps Sm Ps

‘Plaza’-like space 19.7 (+ 9.6) 
(2858)

27.9 (±11.3) 
(1717)

0-150
(2858)

0-50
(1661)

30.8 (± 34.0) 
(2778)

18.4 (± 15.6) 
(1647)

2 pm 24.6 (+7.2) 
(537)

12.7 (±7.1) 
(99)

0-50
(508)

0-50
(92)

5.6 (±4.1) 
(412)

11.7 (±10.0) 
(92)

3 pm 23.5 (± 10.5) 
(723)

22.5 (± 8.5) 
(182)

0-50
(723)

0-50
(165)

25.2 (± 22.9) 
(710)

7.6 (± 9.6) 
(161)

4pm 25.93 (± 7.3) 
(611)

29.1 (±9.9) 
(338)

0-50
(611)

0-50
(318)

18.3 (± 13.3) 
(603)

15.7 (± 17.7) 
(318)

5 pm 30.0 (± 10.4) 
(660)

31.0 (±13.0) 
(260)

0-50
(660)

0-50
(249)

21.0 (±18.3) 
(644)

20.8 (±26.8) 
(250)

6pm 26.7 (+ 8.7) 
(1220)

28.4 (± 11.3) 
(542)

0-50
(1222)

0-50
(518)

21.5 (± 19.9) 
(1205)

20.4 (±23.5) 
(518)

7pm 25.9 (± 8.2) 
(563)

30.6 (± 14.0) 
(898)

0-50
(563)

0-50
(874)

20.1 (± 16.0) 
(552)

22.2 (±26.1) 
(866)

8pm 28.4 (±9.9) 
(1484)

29.1 (± 10.7) 
(675)

0-50
(1484)

0-50
(654)

20.2 (± 17.4) 
(1450)

20.1 (±25.8) 
(653)

9pm 29.4 (+ 9.6) 
(906)

30.4 (± 10.8) 
(571)

0-50
(906)

0-50
(555)

19.1 (± 17.4) 
(882)

17.4 (± 16,2) 
(538)

10pm 29.8 (± 10.2) 
(1899)

27.9 (±13.4) 
(870)

0-50
(1899)

0-50
(849)

20.5 (± 17.8) 
(1860)

22.0 (±27.0) 
(841)

Table 5.2 Motility data of S. marcescens (Sm) and P. stutzeri (Ps) measured in the ‘plaza’-like space 

and within all the channels (2 pm to 10 pm) of the Stripe network. Data represent the mean (± 

standard deviation) except for the data concerning the acceleration where only the range is indicated. 

The brackets enclose the numbers of data points for every parameter.
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The effects of the Stripe network on bacterial behaviour were evaluated statistically 

(P-value < 0.05). Statistics were performed focusing on the following parameters: the 

velocity, the acceleration and the deflection angle (Table 5.3).

Each channel width of the Stripe network influenced the velocity parameter of S. 

marcescens (two-tailed unpooled Student’s /-test except for the 8 pm wide and 9 pm 

wide channels where a two-tailed pooled Student’s /-test was used). The deflection 

angle parameter was also influenced by the Stripe network (two-tailed unpooled 

Student’s /-test of log-transformed values). The micro-channels did affect the 

acceleration parameter, except for the 9 pm wide channel (two-tailed unpooled 

Student’s /-test).

The confinement had an effect on the velocity parameter for P. stutzeri except within 

the 4 pm, 6 pm and 10 pm wide channels (two-tailed unpooled Student’s /-test 

except for the 6 pm wide, 8 pm wide and 9 pm wide channels where a two-tailed 

pooled Student’s /-test was used). The effect of the confinement on the deflection 

angle parameter was statistically significant for the 2 pm wide, 3 pm wide and 5 pm 

wide channels (two-tailed unpooled Student’s /-test of log-transformed values, 

except for the 9 pm wide channel where a two-tailed pooled Student’s /-test of log- 

transformed values was used). The confinement had no effect on the acceleration 

parameter (two-tailed unpooled Student’s /-test).
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Serratia marcescens Pseudomonas stutzeri

Ch
an

ne
l

w
id

th
Velocity Acc. Deflection

angle
Velocity Acc. Deflection

angle

T-value -13.69 -3.45 37.43 19.97 0.03 4.30
B
ZX. P-value <0.01 <0.01 <0.01 <0.01 0.97 <0.01

fN DF 934 3359 768 129 779 87
T-value -8.92 -2.04 12.67 7.85 -0.57 12.72a P-value <0.01 0.04 <0.01 <0.01 0.57 <0.01

cn DF 1048 2281 978 256 817 183

T-value -18.06 -2.18 7.88 -2.01 -0.01 3.90
B P-value <0.01 0.03 <0.01 0.05 0.99 <0.01

'5t DF 1111 1692 1081 524 419 381

T-value -22.94 -5.93 5.79 -3.61 -0.16 0.53
a
zL P-value <0.01 <0.01 <0.01 <0.01 0.87 0.60

wn DF 931 2899 1108 322 296 288

T-value -22.82 -2.34 6.54 -0.89 0.34 0.01
B P-value <0.01 0.02 <0.01 0.37 0.73 0.99

VO DF 2516 3438 2625 2238 769 770

T-value -15.82 -2.42 6.03 -5.01 -0.43 -1.22
B P-value <0.01 0.02 <0.01 <0.01 0.67 0.22

DF 892 1293 891 1527 1420 1501

T-value -28.01 -2.31 9.23 -2.38 0.31 1.12
B
n. P-value <0.01 0.02 <0.01 0.02 0.76 0.26

CO DF 4340 4082 3275 2370 1089 909

T-value -26.45 -1.81 8.63 -4.56 -0.46 1.31
B
rt P-value <0.01 0.07 <0.01 <0.01 0.65 0.19

as DF 3762 2290 1845 2264 851 1960

T-value -34.31 -2.39 9.10 -0.03 -0.01 -0.14S P-value <0.01 0.02 <0.01 0.98 0.99 0.89
2 DF 3892 4706 4349 1506 1559 1317

Table 5.3: Results given by Minitab 15 when testing the effect of the Stripe network on the motility 

behaviour of S> marcescens and P. Stutzeri in comparison to the motility behaviour measured within 

the 'plaza’-Iike space. The results of the different Student’s r-test were reported by the T-value, P- 

value and DF (Degree of Freedom). The tab shows that the Stripe network significantly changed the 

behaviour of S', marcescens for the three parameters. The Stripe significantly changed the behaviour of 

P. stutzeri only in term of velocity and deflection angle and for some channels width only.
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The confinement had a limited impact on the motility parameters of P. stutzeri in 

comparison to the 4plaza’-like area except for channels size smaller than 4 pm. For S. 

marcescens, the motility parameters as well as the behaviour of the species were 

different within the Stripe network in comparison to the 4plaza’-like area. The 

interaction of the flagella with the channels changed the behaviour of the bacteria.

5.2.2.3 Comb network

The Comb structure consists of meandering channels with different widths (5-10-15 

pm). This network could therefore be used to evaluate how complex patterns 

impacted on the swimming motility of S. marcescens and P. stutzeri. The species 

was challenged with very intricate paths of different width.

S. marcescens bacterial cells confined within the Comb structures followed closely 

the shape of the structures over limited distances when swimming within a 5 pm 

wide channel. In this very narrow channel, the cells seemed to be incapable of 

continuously executing a linear trajectory and instead swam in a zigzag manner 

(Figure 5.20-A_c). The mean velocity was 14.6 ± 9.2 pm/s (n = 415 and refers to the 

numbers of data points). Within the 5 pm channels, the cells of P. stutzeri were able 

to follow the intricacies of the microstructure and followed closely the wall 

boundaries over long distances (Figure 5.20-F). The cells attached to the wall quite 

frequently. Cells of P. stutzeri swam at a similar speed to S. marcescens^ the mean 

velocity was 13.0 ± 7.5 pm/s (n = 353).

Within the 10 pm channel, the behaviour of S. marcescens was similar to the one 

observed in the 15 pm channel. The cells had difficulty following the frequent turns 

in this structure (Figure 5.20-A_b). As the channel width increased, the cells kept a 

directional trajectory and alternated from the right to the left side of the channels 

over long distances as observed previously in the straight channels (Figure 5.20- 

A_a). The fluctuations in distance of the bacterium to the channel wall subsequently 

led to variation of the swimming speed and swimming trajectory. The bacterial
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trajectories may be altered because of collisions with the walls, thus impacting on the 

rate at which the cells spread through the microfluidics structures. The motility speed 

decreased as the channels width decreased from 25.7 ± 15.1 pm/s within the 15 pm 

(n = 721) channel to 16.4 ± 9.9 pm/s within the 10 pm channel (n = 224) to 14.6 ± 

9.2 pm/s within the 5 pm channel (Figure 5.21-A). Within the 10 pm channel, P. 

slutzeri cells could either follow the intricacies over a limited distance (Figure 5.20- 

E) or the cells were trapped and swam in every direction (Figure 5.20-D). The mean 

velocity was 17.1 ± 10.0 pm/s (n = 329). Within the 15 pm channels, the cells of P. 

stutzeri alternated their movement from one wall to the opposite wall following the 

boundaries (Figure 5.20-C). A different behaviour was also observed when cells 

swam forward over limited distances but then swam in the reverse direction. This 

was dependent on the complexity of the obstacles in the way. The path taken by the 

cells seemed to be chosen randomly and the cells went off in many directions (Figure 

5.20-B). The mean velocity was 20.9 ± 11.8 pm/s (n = 478). Figure 5.21-B 

summarises the mean velocity of the cells per channel width.
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Figure 5.20: A) Represents the set of trajectories fonned by Serratia marcescens swimming in the 

Comb network in three different channel widths. The plots were generated by manual tracking with 

Retrac. Image a is a 15 pm wide channel, image b is a 10 pm wide channel and image c is a 5 pm 

wide channel. The cells showed different motion in the three different channels: from a directional 

motion in the widest channel to a more random motion within the 10 pm and 5 pm wide channels. 

Pictures B), C), D), E), and F) represents the trajectories formed by Pseudomonas stutzeri swimming 

in the Comb network in three different channel widths. Images B and C are a 15 pm wide channel, 

image D and E are a 10 pm wide channel and image F is a 5 pm wide channel. The black arrows 

indicate the swimming direction.
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Figure 5.21: Variation of bacterial velocity within the Comb network according to the channels width 

(5, 10 and 15 gm) for S. marcescem (A) and P. stutzeri (B). Bars represent the standard deviation.

The 5 (am and 10 jam channels negatively affected the motility of P. stutzeri cells. 

The additional complexity of the network makes motion more difficult. For P. 

stutzeri the mean cell velocity in the Comb structure was below the mean cell 

velocity in the ‘plaza’-like space. For S. marcescens only the mean velocity in the 5 

pm and 10 pm channels were below the mean velocity in the ‘plaza’-like space. The
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Comb structure prevents the cells spreading further on the surface and constrained 

the swimming cells within small areas.

The effect of the Comb network on the two species velocity was evaluated 

statistically (P-value < 0.05). The Comb network had an impact on the swimming 

behaviour of both species (Tab 4.4) (.S', marcescens: two-tailed pooled Student’s 1- 

test except for the 15 pm wide channel where a two-tailed unpooled Student’s /-test 

was used; P. stutzeri: two-tailed unpooled Student’s /-test except for the 15 pm wide 

channel where a two-tailed pooled Student’s Mest was used).

Serratia marcescens Pseudomonas stutzeri

Channels
width

Velocity Velocity

T-value 10.28 30.59
a P-value <0.01 <0.01

Ln DF 3271 726

T-value 5.04 17.57
Bu. P-value <0.01 <0.01
o DF 3080 502

T-value -10.31 11.75
B P-value <0.01 <0.01
in DF 872 2173

Tab 5.4: Results given by Minitab 15 when testing the effect of the Comb network on the motility 

behaviour of S. marcescens and P. Stutzeri in comparison to the motility behaviour measured within 

the ‘plaza’-like space. The results of the different Student’s /-test were reported by the T-value, P- 

value and DF (Degree of Freedom). The tab shows that the Comb network significantly changed the 

behaviour of S. marcescens and P, stutzeri for the velocity parameter.
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5.2.2.4 Diamond network

The Diamond network consists of a structure made of 16 small squares. Those 

structures tested the ability of the bacterial cells to swim through non-linear paths. 

The channel width is constant and about 5 pm in width.

The mean velocity of S. marcescens recorded in the Diamond structure was 19.8 ± 

8.2 pm/s (n = 870). The bacterial cells were attracted by wall boundaries and 

followed closely the PDMS wall. Longer runs (Figure 5.22-A) punctuated by 

tumbles in which cells randomly reoriented producing new swimming directions 

were observed. The cells did not only choose straight paths but moved within the 

channels and explored them. Some places within the network enabled the cell to fully 

tumble and for the cells to reorient randomly and move in the opposite direction 

(Figure 5.22-B).

The mean velocity of P. stutzeri recorded in the Diamond structure was 19.7 ± 9.8 

pm/s (n = 369). Within the Diamond network, the cells followed the network walls 

closely (Figure 5.22-D). The cells were able to move everywhere and were able to 

reorient themselves efficiently by swimming backward. Once the cells entered the 

network they had difficulty to exit it and seemed to be trapped. The cells were able to 

swim through the squares (Figure 5.27-C).
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Figure 5.22: Examples of trajectories formed by S. marcescens (A and B) and P. stutzeri (C and D) in 

the Diamond network. The trajectories are quite diverse. Either the cells chose straight path or swam 

through the pillars. The black arrows indicate the swimming direction.

The velocity of S. marcescens was not significantly changed by the confinement (T- 

value = -0.18, P-value = 0.85, DF = 3726, two-tailed pooled Student’s Mest) but was 

significantly changed for P. stutzeri (T-value = 13.56, P-value < 0.01, DF = 500, 

two-tailed unpooled Student’s /-test of log-transformed values).

5.2.2.5 Cellular network

The Cellular structure consists of a main path in the middle and a lateral path with 

different angles of ± 30 ± 45 ± 60 and ± 90 0 respectively. The mean velocity of S. 

marcescens recorded in the Cellular structure was 18.0 ± 8.4 pm/s (n = 1874) and 

the mean for P. stutzeri was 18.3 ± 9.7 pm/s (n = 713). Within the Cellular structure, 

both species did not follow only straight paths (Figure 5.23-A and B) but explored 

the network through lateral paths also and were able to swim around a whole square
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(Figure 5.23-C, D, E, F and G). Figure 5.23-G shows an example of forward- 

backward swimming by P. stutzeri within the channel.

Figure 5.23: Examples of trajectories formed by S. marcescens (A, B, C and D) and P. stutzeri (E, F 

and G) in the Cellular network. The species could swim through the different lateral path as well as 

through the main straight paths. The black arrows indicate the swimming direction.
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The velocity of S. marcescens was significantly changed by the confinement (T- 

value = 6.38, P-value < 0.01, DF = 4364, two-tailed unpooled Student’s ?-test). As 

for P. stutzeri (T-value = 20.19, P-value < 0.01, DF = 1110, two-tailed unpooled 

Student’s /-test).

5.2.2.6 Round-about network

In the Round-about structure, the cells have to follow sequentially two rounded 

structures and there are two possibilities to enter the maze. The mean velocity of S. 

marcescens recorded in the Round-about structure was 20.3 ± 8.7 pm/s (n = 934). 

Similarly to the Diamond network, within the Round-about network the cells tumble 

and randomly reoriented themselves producing new swimming directions as illustrate 

in Figure 5.24-B, 5.26-A.

The mean velocity P. stutzeri recorded in the Round-about structure was 20.0 ± 9.7 

pm/s (n = 588). The cells were able to turn around the round-about features either 

half-turn (Figure 5.24-C) or complete turn (Figure 5.24-E). Figure 5.24-D, shows 

that a cell is not always able to find the exit but change its direction.
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Figure 5.24: Examples of trajectories formed by S. marcescem (A and B) and P. stulzeri (C, D and E) 

within the Round-about network. The species could swim through the round-about features or make 

turn at 360 °. The black arrows indicate the swimming direction.

The velocity of S. marcescem was not significantly changed by the confinement (T- 

value = -1.78, P-value = 0.08, DF = 1727, two-tailed unpooled Student’s Mest) but 

was significantly changed for P. stulzeri (T-value = 15.54, P-value < 0.01, DF = 911, 

two-tailed unpooled Student’s Mest of log-transformed values).
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Table 5.5 shows a summary of the two species5 behaviour within all the 

microfluidics networks in comparison to the ‘plaza’-like space. S. marcescens and P. 

stutzeri cells were challenged by different micro-confined places and were able to 

swim within the micro-channels. While the Stripe network could direct the motion of 

the cells, the Comb structures demonstrated the difficulty for cells to swim through 

intricate paths. In general, the cells showed different motion in the three different 

channels: from a directional motion in the widest channel to a more random motion 

within the 10 jiim and 5 pm wide channels. The channel width had an effect on the 

velocity of the cells. Because of the intricacies of the microstructures, the collisions 

with the matrix were very high thus the direction could change. The trajectories 

observed and the velocities measured within the Round-about, Diamond and the 

Cellular networks were similar for both species. The matrix had an impact on the 

rate at which the species spread through the networks in comparison to the ‘plaza5- 

like space. That was especially the case for P. stutzeri, the Student’s /-test was 

statistically significant for the three networks; only the Cellular network was 

statistically significant for S. marcescens. Except for the Comb network, it was 

always possible to follow S. marcescens cells from an entry to an exit of a network. 

P. stutzeri cells were often followed over limited distances because the cells attached 

to a wall and stopped swimming.
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S. marcescens P. stutzeri

‘Plaza’-like

space
19.7 ± 9.6 pm/s

Straight path

Circular trajectories

No attraction to the lateral wall

27.9 ± 11.3 pm/s

Straight path

Circular trajectories

No attraction to the lateral wall

Stripe

(2 to 10 pm)
From 24,6 ± 7.2 pin/s to 29.8 ± 10.2 pm/s

Swim close to the channels wall

Small deviation from a straight path

Enhanced motility as the channels width

increased

From 12.7 ± 7.1 pm/s to 27.9 ± 13.4 pm/s

Swim close to the channels wall

deviation from a straight path

Wavy pattern

Comb 5 pm 14.6 ± 9.2 pm/s

follow the intricacies over limited

distance

10 pm 16.4 ± 9.9 pm/s

follow the intricacies over limited

distance

15 pm 25.8 ±15.1 pm/s

directional movement and switching from

right to left

5 pm 13.0 ± 7.5 pm/s

follow the intricacies either over limited or

long distance

10 pm 17.1 ± 10.0 pm/s

follow the intricacies either over limited or

long distance

15 pm 20.9 ± 11.8 pm/s

directional movement and alternance from

right to left or forward-backward motion

Diamond 19.8 ± 8.2 pm/s

Long run

Exploration of different path

Reorientation possible after a tumble

19.7 ± 9.8 pm/s

Long run

Exploration of different path

Cellular 18.0 ±8.4 pm/s

Follow straight and lateral path

18.3 ±9.7 pm/s

Follow straight and lateral path

Reorientation possible

Round-about 20.3 ±8.7 pm/s

Cells follow the rounded features (180 °)

Reorientation possible after a tumble

20.0 ± 9.7 pm/s

Cells follow the rounded features (180 0 or

360 °)

Table 5.5: Summary of the behaviour as well as the mean velocity (± standard deviation) showed by S. 

marcescens and P. stutzeri in the ‘plazaMike space and within the different networks.
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5.3 Discussion

5.3.1 Introduction

The motility parameters of S. marcescens and P. stutzeri observed in restricting 

geometries varied with respect to the micro-channels size and complexity 

demonstrating that the species can swim through pores only slightly larger than their 

own body. Statistical analysis showed similar but also different influences of 

confinement on both species’ behaviour regardless of the network used.

5.3.2 Relevance of microfabrication for bacterial motility study

Free-living bacteria colonize a vast range of biotic and abiotic surfaces where they 

have to face different environmental conditions. The enviromnent is constantly 

changing and bacteria respond to it by modifying their speed and direction. These 

surfaces are inherently micro structured complex and heterogeneous. For example 

soil, could be compared to a labyrinth made of a variety of obstacles. Soil consists of 

grains (mineral grains, rock fragments) with water and air in the voids between 

grains. The soil’s particles have different size, shape and composition. The soil 

community includes ranks of invertebrate animals that alter the physical structure of 

the soil as they tunnel and feed, aerating the soil and forming channels for infiltration 

of water (Craig 1978). S. marcescens and P. stutzeri colonize among other 

environment, the soil in which they interact with minerals, fluids and other 

organisms. The size, shape and distribution of this space exert a major influence over 

the dynamics of these soil organisms. It has been estimated that one gram of soil may 
contain lO^-lO11 bacteria (Van der Heijden, Bardgett et al. 2008). Bacteria are 

restricted to the extent by which they can move by their body sizes. Although 

bacteria can move through pores as large as their diameter, most bacteria and 

bacterial colonies are found in pores three times their diameter (Ranjard, Richaume 

2001).
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Agar is the most common medium used in laboratories to study bacterial swimming, 

however, in natural environments, bacterial behaviour deviates significantly from 

that on a flat agar surface. Agar fails to reproduce the complexity of the bacterial 

natural environment and as a result does not reveal their adaptability. Although 

monitoring bacterial movement, behaviour and growth in the natural environment 

would be the ideal situation this is inherently difficult due to the non-transparent 

nature of the media they inhabit. This problem can now be addressed through 

microfluidics technology, namely soft lithography. This is used for the construction 

of microfluidic networks whereby patterns on a master are replicated with an 

elastomeric material, usually poly(dimethylsiloxsane) (PDMS), which is a 

biocompatible and transparent polymer. This technique enables the design of a vast 

range of topographies where the size, the shape and the spatial distribution of the 

features can be manipulated to match the physical dimensions of most 

microorganisms (Quake, Scherer 2000; Weibel, DiLuzio et al. 2007; Whitesides, 

Ostuni et al. 2001). Confinement restricts bacterial movement in two-dimensions (x 

and y direction), which results in only two possibilities; straight motion or a turn in 

the reverse direction. Due to the confinement bacteria remain in focus for longer time 

and over a determined length. Microstructures can be used to control the 

microenvironment of the cells which opens the possibility of using similar PDMS 

artificial networks to study bacterial motility. These networks provide a means for re

creating at least some of the complexity of the natural environment in a way that can 

be directly observed and quantified. This makes it possible to study how single 

bacteria behave near surfaces and through fluid in order to understand how bacteria 

may initiate biofilms, permeate porous media or infiltrate groundwater systems.

5.3.3 The effect of the confinement on the bacterial motility

5.3.3.1 Effect of the boundaries within the ‘plaza’-like space

In the large channel i.e. the ‘plaza’-like space, P. stutzeri and S. marcescens were 

able to swim freely everywhere. The tracking in two dimensions of S. marcescens 

and P. stutzeri showed straight path with few changes in direction. The few
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directional changes occurred because of chemotaxis toward amino-acids in 

homogeneous solution (Berg, Brown 1972). Bacteria detect gradients in nutrients and 

move to regions of higher concentration (Berg 2004). The gradient-detecting 

mechanism in bacteria involves dozens of proteins whose reactions require up to 200 

ms; this mechanism allows the bacteria to react to the sensed gradients (Segall, 

Manson et al. 1982). The flagellar motors of peritrichous and monotrichous bacteria 

turn either in the counterclockwise or in the clockwise direction which enable the cell 

to vary its swimming direction (Figure 5.25). At the scale in which bacteria live, 

Brownian motion occurs. This is showed by the random drifting of particles. After 

observation ot the species behaviour, it is clear that the species were not affected by 

it.

Figure 5.25: Run and tumble movement of peritrichously-flagellated bacteria like S. marcescens (a) 

and forward motion of monotrichously-flagellated bacteria like P. stutzeri (b) (Armitage 2006).

The ‘plazaMike space is 100 pm wide and 10 pm deep. Some studies indicated that 

cells are affected by the surface only when they swim within 10 pm of the surface as 

the hydrodynamic interactions decrease slowly with distance (Berg, Turner 1990; 

Frymier, Ford 1997; Biondi, Quinn et al. 1998). The literature usually indicates a 

velocity of ~ 30 pm/s for S. marcescens and a velocity of ~ 40 pm/s for P. stutzeri 

which is faster than the mean velocity recorded in the ‘plaza’-like area. So here the 

cells were affected by two rigid boundaries. According to the results presented in
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Figure 5.6, S. marcescens showed a non-negligible percentage of cells (~33%) 

swimming very slowly (< 15 pm/s). The cells could be attached to the surface or 

were nomnotile. Frymier, Ford et al. (1995) hypothesized that short-range forces 

(van der Waals, electrostatic and steric interactions) between the swimmer and the 

boundary may have trapped the cells near surfaces. Short range forces are 

responsible for cells’ adherence to the surface. In contrast, long-range hydrodynamic 

interactions are sufficient to make the cells swim for longer time along the surface 

but at a fixed distance from the surface which explain the straight path.

Finally, the bacterial cells were observed to display circular trajectories. This 

behaviour has been already observed with peritrichously flagellated bacteria like E. 

coli (Frymier, Ford et al. 1995; Vigeant, Ford 1997) and monotrichously flagellated 

bacteria like Vibrio alginolyticus (Kudo, Imai et al. 2005; Magariyana, Ichiba et al. 

2005). E. coli cells near solid surfaces do not have straight runs but were observed to 

trace out clockwise circles. This movement has been described when cells are very 

close to a surface because they experience more drag force per unit area than away 

from a surface. Close to a solid surface, a rotating cell body and the flagellar filament 

each experience a net lateral drag force but in opposite directions because the cell 

body and the flagellar filament rotate in opposite directions. Hydrodynamic 

interference between the rotating flagellum and the boundary generates lateral force 

to the swimming direction which causes the circular trajectory (Nakai, Kikuda et al. 

2009). Li, Tam et al. 2008, showed that Brownian motion effect is amplified near a 

surface (the observations were made within 300 nm from the surface). As a 

consequence, Brownian motion will (i) alter the orientation of cell body and thus the 

bacterial swimming direction and (ii) change the distance between the cell and the 

surface therefore varying the surface-cell hydrodynamic interaction. Hydrodynamic 

interaction decreases as the distance between the cell and the surface increases and a 

larger distance provoke a larger radius of curvature, and vice versa (Lauga, Hi Luzin 

et al. 2006). The result is variations in the circle radius as observed for both species. 

Additionally, DiLuzio, Turner et al. 2005 showed for E, coli, that the direction of 

curvature of the trajectory of the cell indicates whether the cells are swimming closer 

to the top surface or to the bottom surface. At the bottom surface, the cell trajectories
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appear clockwise and at the top surface the cell trajectories appear anticlockwise. 

Both directions of the trajectories for both species were observed.

5.3.3.2 Effect of the boundaries within the Stripe network

S, marcescens and P. stutzeri changed the way in which they swim due to the 

changes in their physical environment. The confinement (the presence of boundaries) 

perturbed their motion. The physical constraints that bacteria have to master at the 

small scales are very different from those that we encounter. Inertia is negligible and 

viscous drag is paramount. Therefore microorganisms have evolved propulsion 

strategies (Berg 2004). Hydrodynamic drag, constraints to movement of flagella, and 

adhesion forces are three possible physical constraints which limit the movement of 

bacterial in various restricted enviromnent. Within the Stripe network, the larger 

channel was 10 pm large and the narrowest 2 pm. On the contrary to the ‘plaza’-like 

space the cells were affected by four rigid boundaries.

(i) Hydrodynamic drag may slow down bacterial swimming. The 

hydrodynamic effects provide a stabilizing influence of the trajectories of 

motile bacteria, keeping them near the surface despite constant disturbances 

from Brownian effects. S. marcescens' velocity was enhanced in the 10 pm 

channel in comparison to the ‘plaza’-like space but decreased slowly as the 

channel width decreased. In narrower channels (2 pm and 3 pm wide 

channels) the bacteria swam very close to four parallel surfaces which 

probably produced more constraints on bacterial movement in comparison to 

wider channels thus affecting the bacterial velocity. The velocity of P. 

stutzeri decreased only from the 5 pm channel but was the same within the 10 

pm channel and the ‘plaza’-like space. Narrow channels constrained P. 

stutzeri movement.

(ii) Adhesive and friction forces acting between the cell and the channel 

walls. The bacterium swim very close to the walls so the bacterium is in 

contact with the wall of the channel and experience adhesive and frictions
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forces. These forces are in the range from 1 pN to 10 nN so they are superior 

to the force generated by the flagellar motors which is approx. 0.5 pN (Yao, 

Jericho et al. 2002; Chattopadhyay, Moldovan et al. 2006). Work by Vigeant, 

Ford et al. (2002) shows that E. coli can swim in a very close proximity (~40 

mn) to a planar surface. It has been established that bacteria regularly swim in 

close proximity to surfaces and prefer some types of surfaces. These 

properties can be used to guide bacterial movement in microfluidic structures. 

Within the microfluidic networks the bacterium swam close to two planar 

surfaces and two lateral walls. When the diameter of the bacterium becomes 

comparable to the width of the channel the bacterium is in close contact with 

the two lateral walls and the surface which add more constraints on the 

bacterial cell.

(iii) Within the microchannels, bacteria swam very close to the walls. For S. 

marcescens, the deflection angle distribution showed a bias toward very small 

angle which indicated quasi straight motion. S. marcescens motion is a “run 

and tumble”. The tumbling motion was executed with difficulty since flagella 

are unable to extend fully, which probably explains the observed linear 

motion. When cells eventually tumbled, they temporarily moved away from 

the micro-channel wall. Flagellar filaments of bacteria are long (10-20 pm). 

The bundle of flagella has a diameter of approx. 0.5 pm. The flagella of the 

cells measured between 6 pm to 10 pm in length. Rotational Brownian 

motion is another factor which could explain why the cells detached from the 

wall because it directly alters the orientation of the cell body and thus the 

swimming direction. The bacterial cells then re-associated with a channel 

wall randomly. P. stutzeri deflection angle showed as well a bias toward 

smaller angles which decreased even more from the 5 pm channel width due 

to the tighter confinement. The forward swimming is caused by 

counterclockwise flagellar rotation and backward swimming by clockwise 

rotation (Homma, Oota et al. 1996). The switching between forward and 

backward motion corresponds to a brief stop and the frequency is modulated 

by chemotaxis. Forward motion was largely encouraged by confinement.
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Brownian motion perturbs the cell trajectory (McCarter 2001). Kogure, 

Ikemoto et ah (1998) have observed that there is a positive correlation 

between the probability of attachment to a glass surface and the swimming 

speed of V alginolyticus. Faster cells may stay longer near the surface 

because the attractive forces are probably stronger (Magariyana, Ichiba et ah 

2005). If cells are “slow” a “run and tumble” or a run-back might be possible.

The results for the Stripe network showed that the two species have different velocity 

in the confined space. Swimming speed is dependent on motor torque, cell shape, 

and the shape, length, number, and location (polar or peritrichous) of the filaments. 

Those parameters vary among bacterial species.

5.3.3.3 Effect of the boundaries within the tortuous network

Structures like the Comb, the Diamond, the Cellular and the Round-about represent 

complex networks where the bacteria have to cope with not only the channel width 

but also with multiple choice direction, corner and dead end. Within those particular 

networks, the cells could navigate through several paths and follow closely the walls 

boundaries. When possible the cells tumble, reorient themselves and produce new 

swimming directions. The bacterial trajectories were altered because of the collisions 

with the matrix. As the tortuosity (or the complexity) of the structures increase as 

seen for example with the Comb network there is an increase also in bacterium- 

obstacle collisions. The speed at which P. stutzeri is able to swim through the 

complex networks appeared to be very similar to that of S. marcescens. The 

statistical test also suggested that the complexity of all the networks had an impact 

on the cell motility of P. stutzeri in comparison to the ‘plaza’-like space but less on 

S. marcescens. The bacteria speed may be altered because of collisions with the 

matrix thus impacting on the rate at which the population invade the networks. 

Duffy, Ford (1997) compared the turn angle and the run time distribution of P. 

putida and E. coli and evaluated through simulation their motility in relation with 

obstacles in porous media with an average of 39 pm in diameter. They concluded 

that the bimodal turn angle distribution of P. putida (main peaks at 30 0 and 160 °)

151



reduced collisions with obstacles in porous media in comparison to the unimodal 

distribution of E. coli (main peak at 45 °). Turn angle around 30 0 means straight 

path but turn angle around 160 0 means reverse direction. So the ability to turn 

frequently in the reverse direction is an advantage in porous media in comparison to 

longer run. P. putida showed a better strategy to evolve within porous media P. 

stutzeri is able to turn in the reverse direction in an unbound medium but within the 

networks the cells swam closer to the lateral wall with little possibilities to change 

their swimming direction. The confinement decreased the probabilities of direction- 

switching so both species showed a unimodal turn angle distribution and as a result 

both species showed a similar strategy. It seems that the width of the channels (5 pm, 

10 pm or 15 pm) and the complexity of the networks influenced the motility 

behaviour of the bacteria. The behaviour of S. marcescens and P. stutzeri was then 

not random but guided by the confinement.

5.4 Conclusions

The micro-channels could direct bacterial growth which leads to statistical 

significant observations. Within an unbound medium peritrichously-flagellated 

bacteria like S. marcescens “run and tumble” and re-orientate themselves along new 

direction while monotrichously-flagellated bacteria like P. stutzeri swim back and 

forth. The following changes were observed within the microfluidics devices: (i) 

larger channel (100 pm in width) like the ‘plaza’-like space led to continuous 

forward and circular motion for both species, (ii) bacteria were present all over the 

surface so there was no significant effect from the boundaries in term of velocity and 

cell attachment. The swimming behaviour of both species was affected by the width 

and the design of the networks. The Stripe network enhanced the swimming speed of 

S. marcescens more than within the ‘plaza’-like space and very close to the lateral 

wall. As the width of the channels decreased, the speed also decreased and P. stutzeri 

swam equally fast within most of the micro-channels, exhibiting wavy motion and 

moving very close to the boundaries. On the other hand, very narrow channels, close 

to the dimension of the species (3 pm and 2 pm) made the species slow down. A 

decrease in cell speed in narrow channels was attributed to hydrodynamic interaction
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(Ramia, Tullock et al. 1993). In more complex meandering networks (Comb), 

similarities in the behaviour of both species were seen. S. marcescens and P. stutzeri 

showed the ability to follow the intricate pattern of the network over limited 

distances. Networks with angles (Diamond and Cellular networks) showed that both 

species were able to use straight path but also used lateral paths, i.e. their ability to 

navigate corners. Finally, circular paths (Round-about network) showed the species 

ability to perform 360 ° turn. Bacteria showed flexibility in their natural environment 

and directional persistence due to the strong affinity for boundaries and limited 

opportunities to move backward. The full range of bacterial responses to physical 

stimuli has been characterised through the networks. It appears that the complexity of 

the porous system through which the bacterium swims is the dominating factor in 

predicting its motility. The PDMS-based microfluidics systems therefore offer a 

critical advantage over agar surfaces, with respect to a more realistic resemblance of 

the natural environment of bacteria.

Future work will focus on the development of new networks that specify the decision 

making processes for bacteria can be developed. These networks could have more 

‘cross-jmiction’ combined with round-about that determines their directionality. 

Another idea could be the comparison of bacteria with different patterns of 

flagellation different from the one used in this thesis. Other species that have 

internalised filaments can also be studied i.e. spirochetes.
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Chapter 6

The motility of Serratia marcescens cells in 

viscous confined environment

6.1 Introduction

Serratia marcescens is a peritrichously flagellated bacterium that swims in liquid 

media. The transfer of the cells in liquids to a sticky surface is accompanied by 

phenotypic changes and the cells start to swarm. The cells that differentiate into the 

swarming phenotype through contact to surfaces are elongated, multinucleated, and 

the density of flagella on their surface increases 3-50 fold per unit area of cell surface 

(Copeland, Weibel 2009) (Figure 6.1). Like swimming, swarming motility relies on 

flagellar action. The populations of swarming cells migrate collectively across a 

surface and in contact with other cells as “multicellular rafts” at an approximate rate 

of 2-10 pm/s consuming nutrients in the underlying medium (Harshey 2003). The 

phenotype is reversible, swarming cells are able to differentiate back into the 

swimming phenotype when the surrounding medium is liquid. In this chapter, 

experiments were performed (i) to initiate the switch between swimming and 

swarming cells and (ii) to monitor the behaviour of a population of swimming and 

swarming cells within a porous and viscous environment. Such conditions would 

simulate a restraining environment similar to viscous surfaces and were created by 

adding agents such as Ficoll to the bacteria growth medium (Alberti, Harshey 1990). 

Ficoll is a highly branched polymer of sucrose and epichlorhydin capable of 

modifying the viscosity of solutions. Cells swimming through a solution containing 5 

% to 10 % of Ficoll 400 reportedly differentiate into the swarming phenotype and are 

5 pm to 30 pm long (Alberti, Harshey 1990).
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Figure 6.1: “Life cycle” of motile bacterial cells showing the differentiation from a swimming 

phenotype to a swarming phenotype. Swarming cells are elongated, multinucleated and move 

cooperatively over the surface as “multicellular rafts”. Swarming cells are able to differentiate back 

into the swimming phenotype (Copeland, Weibel 2009).

The study of swimming and swanning behaviour of S. marcescens cells in viscous 

environment is relevant because S. marcescens colonize a variety of surfaces in soil 

and water. The species is also an opportunistic pathogen which is able to colonize the 

digestive tracts of rodents, plants, insects, fish, and humans. Most of those surfaces 

are viscous-elastic environments rather than liquid (Grimont, Grimont 1978). S. 

marcescens is able to form biofilms where the cells live in viscous conditions formed 

by various polymer solutions. According to Labbate, Queck et al. 2004 and Rice, 

Koh et al. 2005, swanning cells are also found in the biofilm life cycle.

How bacteria can swim through mucus gels remains poorly understood and is the 

subject of much research (Copeland, Weibel 2009). Microfluidics systems are very 

useful for the isolation and the observation of bacterial motility because it can give a 

direct indication of bacterial behaviour in realistic hydrodynamic conditions.

155



6.2 Results

6.2.1 Agar plates

S. marcescens cells display both a swimming and a swarming phenotype. The 

optimal concentration of agar to initiate a swarming phenotype is between 0.5 to 0.8 

% agar (Eberl, Winson et al. 1996; Alberti, Harshey 1990). A drop of & marcescens 

saturated culture were added to the centre of 0.7 % LB agar plates to study outward 

swarming behaviour from a central point. The plates were incubated at 30 °C. 

Swanning began within 8-16 hours. The inoculation site turn pink-red shortly after 

the swarming motion develops. The swarming motion itself progresses across the 

plate in waves that appear as concentric rings (Figure 6.2) with the most active 

bacteria at the edge of the swarm (Eberl, Molin et al. 1999). Figure 6.3 shows the 

morphology of a swimming and a swarming cell.

Figure 6.2: Swanning motility of Serratia marcescens on 0.7 % agar. The solution of cells which was 

diluted 10 times was added in the middle of an agar plate and incubated at 30 °C. Swarming starts 

after 8 to 16 hours and appear as concentric rings coloured in red.
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Figure 6.3: A) Morphology of 5. marcescens swimming phenotype (Silver nitrate flagella stain). Bar = 

5 pm. B) Morphology of S. marcescens in low concentration agar (electron micrograph, Alberti, 

Harshey 1990) (Bar represents 1 pm).

6.2.2 Effect of Ficoll 400 on the swimming phenotype of S', marcescens

Alberti, Harshey (1990) demonstrated that it was possible to initiate the S. 

marcescens swarming phenotype by using conditions that imposed a physical 

constraint on bacterial cells like viscous media. They found that Ficoll 400 was very 

efficient in initiating swanuing motility. The viscosity of the final media used in the 

experiments described here was determined by using a TA Instruments Rheolyst AR 

1000N controlled-stress rheometer. Figure 6.4 presents the viscosity of Ficoll 400 in 

centipoise (cP) at 25 °C for the solutions of LB broth containing 0 % Ficoll 400 

(w/v), 3 % Ficoll 400, 6 % Ficoll 400, 7 % Ficoll 400, 9 % Ficoll 400, 12 % Ficoll 

400, 15 % Ficoll 400 and 20 % Ficoll 400. The viscosity of the solutions ranged from 

1.1 cP for a solution containing 0 % Ficoll 400 to 16 cP for a solution containing 20 

% Ficoll 400.
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Figure 6.4: Viscosity in centipoise measured at 25 °C of LB broth with increasing percentage of Ficoll 

400 (from 0 % to 20 %).

Cells of S. marcescens were grown in LB medium and were added to the Big maze 

structure (Figure 6.5-A) which was Filled with LB medium and containing 7 % to 9 

% Ficoll 400. The Big maze structure is made with 15 jam wide channels and 

contains numerous dead ends and corners where the cells can be trapped. Wide 

channels are more suitable to observe swanning cells because of the space available.

Our experiments showed that it was possible to induce and observe single elongated 

cells (> 5 pm long) among rod-shaped swimming cells (2-3 pm long) in 

microfluidics networks (Figure 6.5-B, blue circles and Figure 6.5-C, orange boxes).
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Figure 6.5: A) The Big maze network is 1 mm long and 1 mm large with 15 fim wide channels. Figure 

B) shows, within the blue circles, elongated cells of S', marcescens within the S/g maze network filled 

with LB and 9 % Ficoll 400. The orange squares in Figure C) show a population of cells that contain 

short and elongated cells. The network was filled with LB broth and containing 7 % Ficoll 400.

Within the large channels, the cells were either swimming forward and close to the 

boundaries or swam in the middle of the channels for some time before moving close 

to the boundaries (Figure 6.6-A). In LB broth only (Figure 6.6-B), cells swam 

constantly close to a wall with few switching to the opposite wall.
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Figure 6.6: A) Set of trajectories generated by ImageJ of 5. marcescens in the Big maze structure filled 

with LB and 7 % of Ficoll 400. The population of cells exhibited directional motion and smooth 

curvature. The black circle shows individual swarming cells (~10 pm long). B) Set of trajectories 

generated by ImageJ of S. marcescens in the Big maze structure filled with LB broth only. The cells 

were swimming close to a wall and were seen to switch between the two sides of the channels. The 

black arrows indicate the direction of movement in the mazes.
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S. inarcescens cells that swam within the Big maze network as shown in Figure 6.6 

were measured using ImageJ software. The mean cells size found was 5.6 ± 1.3 jam 

in length (n = 102). Cells observed in LB broth had a mean cells size of 2.9 ± 0.6 gm 

in length (n = 99) (Figure 6.7-A). According to Alberti, Harshey (1990), cells 

swimming in broth typically measured about 2.7 pm and swarming cells taken from 

the edge of an active swarming colony measured about 6.3 pm. Figure 6.7-B 

represents the distribution of sizes of the cells swimming within LB broth containing 

7 % of Ficoll 400 (3.1 cP). More than half of the sample measured more than 5.5 pm 

with a very small percentage (~4 %) more than 8 pm in length. About 40 % of the 

cells, measured between 3 pm and 5 pm. The mean velocity recorded for the 

swarming cells (length > 5 pm) was 22.2 ±5.8 pm/s (n = 825). The distribution is 

normal (Figure 6.8-B). Cells that swim in LB broth only had a mean velocity of 18.5 

± 5.7 pm/s (n = 664) (Figure 6.8-A).

Cells size (jiin)

Figure 6.7: Cells length of S', inarcescens grown in A) LB broth and loaded within the Big maze filled 

with LB broth and grown in B) LB broth and loaded within the Big maze filled with LB broth and 

containing 7 % Ficoll 400 (3.1 cP).
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Figure 6.8: Distribution of S. marcescens velocity (with fitted normal distribution) within the Big 

maze network filled with A) LB broth and B) LB broth containing 7 % Ficoll 400 (3.1 cP).

Swarming is a collective behaviour of a population done via quorum sensing of cells 

(Steager, Kim et al. 2007). The tendency of cells to swim away from each other or in 

close relationship as observed on a swarm plate has been checked. In general cells 

swam away from each other. Figure 6.9 showed that during a short period of time 

some cells came in close relation with each other probably forced to interact because 

of the narrow space.
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Figure 6.9: Set of pictures showing the close interactions of some of the swarming cells with each 

other (black circle). The population of cells swam within the Big maze network filled with LB broth 

and containing 7 % Ficoll 400. The black arrows indicate the direction of movement in the mazes.

The velocity of S. marcescens was significantly changed by the viscous media (T- 

value = -12.48, P-value < 0.01, DF = 1489, two-tailed pooled Student’s Mest). The 

cells size was also significantly changed by the viscous media (T-value = -15.83, P- 

value < 0.01, DF = 172, two-tailed unpooled Student’s Mest of log-transformed 

values).

The experiments showed that it was possible to initiate and isolate swarming cells 

within the microfluidics networks through the use of Ficoll 400. The majority of the 

cell population measured more than 5 pm in length. A small proportion measured
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more than 8 \im in length. Within the Big maze network the cells swam in one 

direction away or close to the lateral wall. Some of the swarming cells could swim in 

close interaction with each other probably forced to interact because of the narrow 

space but also due to hydrodynamic interactions between two swimming bacteria 

(Ishikawa, Sekiya et al. 2007).

6.2.3 Effect of Ficoll 400 on the motility behaviour of S. marcescens

For this section the Stripe network was used. As presented in Chapter 5, the Stripe 

network consists of straight channels with different widths (from 2 pm to 10 pm). 

The Stripe network in general and the 10 pm wide channel in particular (Figure 6.10) 

were used to observe the dynamics of swimming and swarming cells and to measure 

the cell velocity along straight channels of definite length. The second parameter that 

was determined was the cell’s size. Bacterial cells were grown in LB broth or in LB 

broth containing different concentration of Ficoll 400 and then loaded into the 

network. When grown in LB broth only, the cells exhibited the swimming phenotype 

only. When grown in LB broth and Ficoll 400 it would be expected that there would 

be a mixed population of swimming and swarming cells. The network was either 

filled with LB broth only or with LB and different concentrations of Ficoll 400. The 

experiments were designed to observe (i) the effect of viscosity on the swimming 

cells when the cells were grown in LB broth but loaded in the network filled with LB 

and different concentration of Ficoll 400 (section 6.2.3.1), (ii) the behaviour of 

swimming and swanning cells when cells were both grown and loaded in the 

network filled with LB broth and different concentration of Ficoll 400 (section 

6.2.3.2) (in this section, the concentration of Ficoll 400 in the broth and the Stripe 

network are the same), (iii) the effect of LB broth on the population of swimming 

and swarming cells when the cells were grown in LB broth and different 

concentration of Ficoll 400 and loaded into the network filled with LB broth only 

(section 6.2.3.3).
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Figure 6.10: Stripe network. The red box marks the boundary of the 10 gm wide channel.

The growth of S. marcescens in LB broth and LB broth containing 7 % Ficoll 400 is 

shown in Figure 6.11. The concentration of 7 % Ficoll 400 was selected because the 

work by Alberti, Harshey (1990) showed that the best swarm cell production was 

obtained with 5 % to 10 % Ficoll 400. The experiments presented in section 6.2.2 of 

this chapter confirmed also the choice of 7 % Ficoll 400. A lag phase was observed 

for both conditions but cells stayed for longer time in the lag phase state in the Ficoll 

environment (30 minutes) in comparison to the LB broth (15 minutes). Exponential 

growth occurred from 30 to 135 minutes in the Ficoll medium and from 15 to 105 

minutes in LB broth. In LB broth, the bacterial population appeared to reach the 

stationary phase earlier, after 90 minutes of exponential growth while the species in 

the viscous solution reached the stationary phase after 105 minutes of exponential 

growth. The time needed for the population to double during the exponential phase 

was 33 minutes in LB broth. In LB broth containing 7 % Ficoll 400 the doubling 

time was 38.5 minutes. The growth curves of S. marcescens grown in LB medium 

and LB medium containing 7 % Ficoll 400 showed that viscosity did not have any 

significantly negative effect on growth other than a slightly longer lag phase and a 

minor reduction in growth rate.
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Figure 6.11: Serratia marcescens growth in LB medium (blue squares) and in LB broth containing 7 

% Ficoll 400 (pink circles) where we can distinguish different phases of growth. The lag-phase (0-15 

minutes for the LB environment and 0-30 minutes for the LB and Ficoll environment) is a period of 

slow growth when the bacteria are adapting to the growth medium. The exponential phase (15 to 105 

minutes for the LB environment and 30 to 135 for the LB and Ficoll environment) is a phase of 

unrestricted growth under these conditions. The stationary phase (after 105 minutes for the LB broth 

environment and after 135 minutes for the LB and Ficoll environment) occurs when the nutrients 
become limiting.

6.2.3.1 Effect of viscosity on the swimming behaviour of S. marcescens

Cells of S. marcescens were incubated in LB medium until the cells reached the late 

exponential phase. 20 pi to 30 pi of S. marcescens cell culture were added to the 

Stripe network which was filled with different concentration (3 %, 7 %, 9 %, 12 % 

and 15 %) of Ficoll 400 in order to modulate the viscosity of the medium from 1.1 to 

10.5 cP.

S. marcescens swam at a speed of 29.8 ± 10.2 pm/s in the buffer without Ficoll 400 

(viscosity =1.1 cP). Ficoll 400 made the cells swim at a rate below the mean velocity 

measured in LB medium. The cells swimming speed decreased gradually to reach
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18.6 ± 6.0 (ani/s at a viscosity of 10.5 cP (Figure 6.12). The measurement of the cells 

size (Figure 6.13) showed that as the viscosity of the medium increased, the size of 

the cells increased to reach 4.6 ± 1.0 gm for a viscosity of 3.7 cP then the cells size 

was constant. The swimming velocity was inversely proportional to the viscosity of 

the medium. The change in cells size was proportional to the viscosity and altered the 

swimming velocity which decreased as the cells size increased.

Viscosity (cP)
0 5 10 IS

'o 22 -

% Ficoll 400 in LB broth

15 —r

Figure 6.12: Shows the swimming speed profile of cells incubated in LB medium against the 

percentage of Ficoll 400 in LB broth and against the viscosity of the medium. Each curve was 

represented individually. The 3D curve represents velocity in pm/s versus viscosity in cP and 

viscosity in cP versus % Ficoll 400. Cells were loaded into the Stripe network filled with LB broth 

and 3 % to 15 % of Ficoll 400. Bars represent the standard deviation.
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Figure 6.13: Mean cells size measured when cells where incubated in LB medium and loaded into the 

Stripe network filled with LB broth and 3 % to 15 % Ficoll 400. The mean cells size was represented 

against the percentage of Ficoll 400 in LB broth and against the viscosity of the medium. The curves 

were represented individually. The 3D curve represents cells size in pm versus viscosity in cP and 

viscosity in cP versus % Ficoll 400. Bars represent the standard deviation.

Two-tailed Student’s Mests were performed to check the impact of Ficoll 400 on the 

swimming speed and the cells size of S. marcescens cells. The results are represented 

in Table 6.1. The velocity was significantly changed by the confinement (two-tailed 

unpooled Student’s /-test, except for 7 % and 9 % Ficoll 400 where a pooled 

Student’s /-test was used). The viscous environment affected the swimming speed 

negatively. The cells size was also affected by the experimental conditions as shown 

by the Student’s /-test (two-tailed unpooled Student’s /-test except for 15 % Ficoll 

400 where values were log-transformed).
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Control-LB 3% 7% 9% 12% 15%

Velocity: 25.9 + 7.6 23.1 ±9.9 20.8 ±6.8 23.4 ±7.0 18.6 ±6.0
29.8 ± 10.2 (n = 498) (n= 1746) (n = 703) (n = 625) (n = 621)

(n- 1899) T-value: 9.44 T-value:20.27 T-value:21.78 T-value: 17.65 T-value: 3 3.42

P-value<0.01 P-value<0.01 P-value<0.01 P-valueO.Ol P-value<0.01

DF:1010 DF:3643 DF:2600 DF:1540 DF:1798

Cells size: 3.8 ±0.9 4.0 ±0.9 4.6 ± 1.0 4.5 ± 1.3 4.2 ± 1.0

2.8 ±0.5 (n = 60) (n = 60) (n = 60) (n = 60) (n = 60)
(n = 50 T-value:-7.35 T-value:-8.32 T-value:- T-value:-8.71 T-value:-9.11

P-value<0.01 P-value<0.01 12.53 P-value<0.01 P-value<0.01

DF:95 DF:96 P-value<0.01

DF:94

DF:78 DF:107

Table 6.1: Effect of the viscosity of the medium on the swimming speed and cells size of S. 

marcescem. We compared the cells velocity measured in LB medium to the cells velocity measured in 

LB medium that contains 3 % to 15 % of Ficoll 400. For each conditions the size of the cells were 

measured. The values presented are mean velocity values in (pm/s) (±) standard deviation values and 

cells size values in (pm) (+) standard deviation values. Statistical results were reported by T-value, P- 

value and Degree of Freedom (DF); n represents the numbers of data points.

6.2.3.2 Effect of viscosity on a population of swimming and swarming cells

In a second set of experiments, cells were grown for approximately 2 h in LB broth 

that contained different percentages of Ficoll 400 i.e. 3 % to 15 %. Ficoll 400 

generated different populations of cells (short and elongated) that were tested to 

observe any different effects on velocity and cell size within the Stripe network filled 

with LB broth and 3 % to 15 % of Ficoll 400.

The swimming speed was for all conditions below the mean velocity measured in LB 

broth. Cells swam the fastest within 7 % and 9 % of Ficoll 400 (3.1 and 3.7 cP 

respectively) (Figure 6.14). Above 12 % of Ficoll 400 (6.6 cP), the viscosity reduced 

the cells velocities to 20 pm/s or below. The swimming velocity was proportional to 

the viscosity of the medium between 1.2 and 3.7 cP and was inversely proportional 

to the viscosity of the medium between 3.7 to 10.5 cP. The results indicate that S.
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marcescens cells were more motile in concentrations of Ficoll 400 between 6 % and 

9 %. The profile of cells size showed that the maximum cells length was reached for 

the same concentration of Ficoll 400 (from 7 % to 9 %) (Figure 6.15). The change in 

cells size was similar to the change in swimming velocity. The cells that were grown 

in LB broth containing a concentration of Ficoll 400 as small as 3 % were able to 

initiate elongated cells but the optimal viscosity for the mobility of swarming cells 

was between 3.1 and 3.7 cP.

Viscosity (cP)
0 5 10 15

% Ficoll 400 in LB broth

9

Figure 6.14: Shows the swimming speed profile of cells incubated in LB medium that contains 3 % to 

15 % Ficoll 400 and loaded in the Stripe network filled with LB and 3 % to 15 % Ficoll 400. The 

mean velocity was represented against the percentage of Ficoll 400 in LB broth and against the 

viscosity of the medium. The curves were represented individually. The 3D curve represents velocity 

in pm/s versus viscosity in cP and viscosity in cP versus % Ficoll 400. Bars represent the standard 

deviation.
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Viscosity (cP)
0 5 10 15

% Ficoll 400 in LB broth

Figure 6.15: Mean cells size measured when cells where incubated in LB medium and containing 

Ficoll 400 and loaded in the Stripe network filled with LB broth and Ficoll 400 (3 % to 15 %). The 

mean cells size was represented against the percentage of Ficoll 400 in LB broth and against the 

viscosity of the medium. The curves were represented individually. The 3D curve represents cells size 

in pm versus viscosity in cP and viscosity in cP versus % Ficoll 400. Bars represent the standard 

deviation.

Two-tailed Student’s Mests were performed to check the impact of Ficoll 400 on the 

swimming speed and cells size of S. marcescens cells. The results are represented in 

Table 6.2. The velocity was significantly changed by the confinement (two-tailed 

unpooled Student’s /-test). The cells size was also affected by the experimental 

conditions as shown by the Student’s /-test (two-tailed unpooled Student’s /-test).
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Control-LB 3% 7% 9% 12% 15%
Velocity: 23.2 + 7.5 26.8+10.9 28.1+7.3 20.2 ± 6.2 19.6 ±4.0
29.8 ± 10.2 (n = 412) (n = 517) (n = 377) (n = 377) (n = 67)
(n= 1899) T-value: 14.98 T-value:5.66 T-value:3.93 T-value :24.29 T-value: 19.0

P-value<0.01 P~value<0.01 P-value<0.01 P-value<0.01 P-value<0.01
DF:775 DF:777 DF:698 DF:840 DF:100

Cells size: 4.7 + 1.2 5.0 ± 1.2 5.3 ± 1.1 3.9 ±0.8 3.9 ±0.9
2.8 ±0.5 (n - 60) (n = 60) /--

s ii O
', o (n = 60) (n=25)

(n = 50) T-value:-11.01 T-value:-12.35 T-value:-15.24 T-value:-8.44 T-value:-5.57
P-value<0.01 P-value<0.01 P-value<0.01 P-value<0.01 P-value<0.01
DF:82 DF:82 DF:85 DF:103 DF:31

Table 6.2: Effect of the viscosity of the medium on the swimming speed of S. marcescem cells grown 

in LB and 3 % to 15 % of Ficoll 400 as well as the cells size. We compared the cells velocity 

measured in LB medium (control) to the cells velocity values measured in LB medium that contains 3 

% to 15 % of Ficoll 400. The values presented are mean velocity values in (pm/s) (±) standard 

deviation values and cells size values in (pm) (±) standard deviation values. Statistical results were 

reported by T-value, P-value and Degree of Freedom (DF); n represents the numbers of data points.

6.2.3.3 Effect of LB liquid broth on a population of swimming and swarming cells

In a third set of experiments, cells were grown for approximately 2 h in LB broth that 

contained different percentages of Ficoll 400 i.e. 3 % to 15 % (1.2 to 10.5 cP) and 

were loaded within the Stripe network filled with LB medium only.

Figure 6.16 showed that as in the previous section the mean cells velocities were 

below the mean velocity observed when the cells were grown and swam in LB 

medium only. The velocity profile was quite similar across different concentrations 

of Ficoll 400 and close to 20 pm/s. The cell size profile was also quite similar for the 

different concentration of Ficoll 400; the cells maintained a constant size of ~3.7 pm 

(Figure 6.17). Media with a viscosity of ~ 1.1 cP were far from optimal for swarming 

cells which dedifferentiate into the swimming phenotype (Copeland, Weibel 2009). 

Swimming cells have a constant size and a constant velocity.
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Viscosity (cP)

% Ficoll 400 in LB broth

Figure 6.16: Swimming speed profile of cells incubated in LB medium that contains 3 % to 15 % 

Ficoll 400 and loaded in the Stripe network filled with LB medium only. The mean velocity was 

represented against the percentage of Ficoll 400 in LB broth and against the viscosity of the medium. 

The curves were represented individually. The 3D curve represents velocity in pm/s versus viscosity 

in cP and viscosity in cP versus % Ficoll 400. Bars represent the standard deviation.

Viscosity (cP)

% Ficoll 400 in LB broth

Figure 6.17: Mean cells size measured when cells where incubated in LB medium and different 

concentration of Ficoll 400 i.e. 3 % to 15 % and loaded in the Stripe network filled with LB only. The 

mean cells size was represented against the percentage of Ficoll 400 in LB broth and against the 

viscosity of the medium. The curves were represented individually. The 3D curve represents cells size 

in pm versus viscosity in cP and viscosity in cP versus % Ficoll 400. Bars represent the standard 

deviation.
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Two-tailed Student’s /-tests were performed to check the impact of Ficoll 400 on the 

swimming speed and cells size of S. marcescens cells. The results are represented in 

Table 6.3. The velocity was significantly changed by the confinement (two-tailed 

unpooled Student’s /-test, except for 3 % Ficoll 400 where a pooled Student’s /-test 

was used). The cells size was also affected by the experimental conditions as shown 

by the Student’s /-test (two-tailed unpooled Student’s /-test except for 9 % Ficoll 400 

where a pooled Student’s /-test was used. Data concerning 12 % and 15 % Ficoll 

400 were log-transformed).

Control-LB 3% 7% 9% 12% 15%

Velocity: 21.2 ±9.2 23.3 ±7.7 19.6 ±6.4 21.7 ± 8.1 23.8 ±7.1
29.8+10.2 (n = 525) (n = 547) (n = 691) (n = 628) (n = 481)
(n- 1899) T-value: 18.45 T-value: 15.99 T-value:30.14 T-value20.39 T-value: 14.97

P-value<0.01 P-value<0.01 P-value<0.01 P-value<0.01 P-value<0.01

DF:908 DF:1145 DF:1943 DF:1337 DF:1034

Cells size: 3.7 ±0.8 3.8 ±0.9 3.4 ±0.6 3.7 ±0.9 3.8 ±0.9
2.8 ±0.5 (n = 60) (n = 60) (n = 60) (n = 60) (n = 60)

(n = 50) T-value:-6.94 T-value:-7.61 T-value:-4.98 T-value:-6.44 T-value:-7.09
P-value<0.01 P-value<0.01 P-value<0.01 P-value<0.01 P-value<0.01
DF:102 DF:97 DF:108 DF:107 DF:107

Table 6.3: Effect of LB medium on the swimming speed and cells size of S. marcescens swimming 

and swarming cells. We compared the cells velocity measured in LB medium (control) to the velocity 

of cells grown in LB medium that contains 3 % to 15 % of Ficoll 400 and swim in LB medium. The 

values presented are mean velocity values in (pm/s) (+) standard deviation values and cells size values 

in (pm) (±) standard deviation values. Statistical results were reported by T-value, P-value and Degree 

of Freedom (DF); n represents the numbers of data points.

In this section the velocity and sizes of S. marcescens cells loaded in viscous and 

non-viscous environments were observed. The results showed that swimming cells 

loaded into a viscous environment decreased their swimming speed with significant 

changes in the cells size. In section 6.2.2, results showed that swarming cells that 

measured more than 5 pm have an average speed of 23 pm/s. The velocity measured 

for swarming cells (percentage of Ficoll > 7 %) was similar to the velocity measured
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for the cells swimming in LB broth only (~22 gm/s).When cells were grown and 

loaded into a viscous environment (section 6.2.3.2) a maximum cell velocity was 

seen for a viscosity between 3.1 cP and 3.7 cP. The same viscosity range made the 

cells elongate to more than 5 gm in length. Cells grown in a viscous environment and 

loaded into a non-viscous environment showed a similar swimming speed and a 

similar cells size.

6.4 Discussion

6.4.1 Introduction

S. marcescens has the ability to swim and swarm. On an agar plate a low 

concentration of agar is enough to initiate a swanning phenotype. Within liquid 

media the addition of polymer creates a favourable condition to initiate swarming 

cells. The motile behaviour and the morphology of S. marcescens varied by addition 

of different concentrations of Ficoll 400.

6.4.2 Initiation of S. marcescens swarming phenotype

The critical factor that determines whether cells swim, swarm or form colonies on an 

agar plate is the agar concentration. On media solidified with 0.4 to 0.8 % agar, S. 

marcescens swarms atop the agar surface (Eberl, Winson et al. 1996; Alberti, 

Harshey 1990). Observation of S. marcescens swarming plates showed the following 

characteristics (Eberl, Molin et al. 1999): the central part of a colony contains cells 

that are round-shape with few flagella. The middle of the colony contains cells that 

exhibited the swimming morphology. The edge of the colony contains highly motile, 

highly flagellated and elongated cells. Steager, Kim et al. (2008) used a tracking 

algorithm to study the velocity and the pattern formation of swarming cells on agar. 

They confirmed that the more motile cells were the ones at a region 500 pm - 1 mm 

away from the edge. The motion decreased at a region 2-4 mm away from the edge. 

Swarming bacteria are elongated hyper-flagellated and migrate cooperatively as a 

group across a surface. The development to a swarming phenotype on an agar plate
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requires nutrients, the contact of individual cells to a surface and the contact between 

neighbouring bacteria as swarming is a highly coordinated migration of cells (Van 

Houdt, Givskov et al. 2007). The flagellar master operon (flhDC) and an N- 

acylhomoserine lactone (AHL)-dependent quorum sensing system are responsible for 

the regulation of flagellar motility and the cell population density (Givskov, Ostling 

et al. 1998; Liu, Lai et al. 2000; Lindum, Anthoni et al. 1998; Horng, Deng et al. 

2002). A single Serratia marcescens cell produces signalling molecules in the extra

cellular enviromnent called autoinducers (AIs). When the cell density increases the 

concentration of the signalling molecules reaches a critical threshold that can be 

sensed by the swarming population which produce changes in gene expression and in 

surface motility (Van Houdt, Givskov et al. 2007). The concentric rings observed on 

an agar plate (Figure 5.2) are therefore the results of the relationship between 

swarming and quorum sensing (Daniels, Vanderleyden et al. 2004). Copeland, 

Flickinger et al. (2010) studied the flagella dynamics of E. coli swarming cells on 

agar plate by using the bi-arsenical dyes FIAsFI and ReAsH and epifluorescence 

microscopy. They discovered that the bundles of flagella of individual bacteria are 

flexible and could bend during collisions with neighbour cells and that the flagella 

make transient contact with flagella from adjacent cells.

Ficoll is a highly branched polymer of sucrose and epichlorhydrin and was used in 

this study as a simple means of increasing the viscosity of the liquid media. 

According to Alberti, Harshey (1990) Ficoll 400 induced a swarming phenotype after 

1 hour and increased thereafter. They found that the proportion of elongated cells 

was 30 % to 45 % with 5 % to 10 % Ficoll 400 after 2 hours. Ficoll 400 was used as 

the viscosity conferring polymer because they observed the best swarm cells in 

comparison to PVP (Polyvinylpirrolidone, a water-soluble polymer) or other Ficoll 

from different molecular-weight. Ficoll has the ability to constrain the movement of 

the bacterial flagella so the induction of swarming cells depends on physical 

properties of the medium. Alberti and Harshey showed that the addition of the 

polymer causes the cells to elongate and produce more flagella on the surface of 

cells. Within the Big maze network filled with LB broth and Ficoll 400 a population 

of elongated cells (body length > 5 pm) was observed but also cells that reached at
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least 10 |_im in length. This confirms the findings of Alberti, Harshey (1990) that 

Ficoll 400 is able to initiate swarming cells. Additionally the availability of the 

microfluidics networks makes it possible to also observe their dynamical behaviour 

in restricted geometries. Cells that were grown in viscous environment should 

already exhibit the swarming phenotype when added within the network. Cells that 

were loaded into a viscous environment should differentiate into the swarming 

phenotype within the network. Swarming cells were the ones measuring at least 5 pm 

in length. The most swarm cells were seen at concentrations between 6 % and 9 % 

Ficoll 400 when cells were grown first in Ficoll 400 as found by Alberti, Harshey 

(1990). Swarming is a cooperative behaviour where raft of cells progress across an 

agar plate in waves that appeal* as concentric rings (Steager, Kim et al. 2008). The 

experiments showed that within the two networks, individual motile swarming cells 

can be observed that swam in straight lines. Elongated cells with the tendency to 

swim in the middle of a channel rather than only along the channel wall were also 

observed.

For S. marcescens, flagellar expression is dependent on environmental factors. Vibrio 

algynolyticus exhibits a lateral and polar flagellum. Atsumi, Maekawa et al. (1996) 

examined the relationship between swimming speed and the viscosity of the medium 

made with PVP for each flagellar system. The mutant with only a lateral flagellum 

could swim in the high-viscosity environment (ca. 200 cP); the mutant with only a 

polar flagellum could not. As with S. marcescens^ a viscous environment leads to the 

expression and synthesis of more flagella in Vibrio algynolyticus.

6.4.3 The effect of the microenvironment on the behaviour of S. marcescens cells

The study of swimming bacteria in viscous enviromnents is relevant as bacteria are 

for example able to colonize the human tract which is a viscous environment (mucus 

gel at the stomach wall). Most of bacterial cells live in sticky conditions, e.g., 

surfaces of other organisms and biofilm (they live in various polymer solutions), 

rather than in Newtonian liquids, e.g., marine water (Magariyama, Kudo 2002).
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Growth of S. marcescens in LB medium and LB medium containing 7 % Ficoll 400 

demonstrated that viscosity did not have a significant negative effect. These results 

are in accordance with several studies that found that the viscosity of the growth 

medium did not affect the growth rates of any of the microorganisms studied 

(Ballesteros, Chirife et al. 1993; Lawrence, Korber et al. 1992). The lag phase and 

the exponential phase were slightly longer in solution of LB broth containing 7 % 

Ficoll 400. The viscosity of the medium could interfere with the transport processes 

between the cells and the aqueous environment which could slow down the 

microorganisms’ growth (Gould, Christian 1988).

A few published works reported that some bacteria have the ability to swim well in 

viscous media (Shoesmith 1960; Schneider, Doetsch 1974; Kaiser, Doetsch 1975; 

Strength, Isani et al. 1976; Greenberg, Canale-Parola 1977a, 1977b). All types of 

flagellated bacteria exhibited an increase in swimming speed in more viscous 

solutions. For example Kaiser, Doetsch (1974) tested the swimming speed of 

Leptospira interrogans in methycellulose media. L. interrogans possesses internal 

flagella and moves by twisting back and forth. Schneider, Doetsch (1974) tested the 

swimming speed of Pseudomonas aeruginosa (single polar flagellation) in 

polyvinylpyrollidone (PVP) solutions as well as various peritrichously-flagellated 

bacteria like E. coli, B. megaterium and S. marcescens; Spirillum serpens (bipolar- 

flagellated bacterium); and Thiospirillum jenense (polar-flagellated bacterium). 

Various polymers have the ability to increase the swimming speed in bacteria. The 

solutions of viscous agents are highly structured and form loose quasi-rigid network 

easily penetrated by particles of microscopic size (Sundelof, Nystrom, 1977; Winet 

1976). The flagellar propulsion is probably enhanced by the gel-like structure of 

these solutions which exerts forces normal to a bacterial body (Berg, Turner 1979). 

The maximum viscosities in which bacteria can swim depend on the structure of the 

organism. Spirochaetes have a helical body shape which allows them to better 

navigate through high viscosity than for example polar flagellated rod-shaped 

bacteria like Pseudomonas. For example, Campylobacter jejuni has a maximum 

velocity at 40 cP (Shigematsu, Umeda et al. 1998) compared with P. aeruginosa at 2 

cP (Greenberg, Canale-Parola, 1977a). According to Magariyama, Kudo (2002), a
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long, thin, helical shape is suitable for maintaining the swimming speed in viscous 

conditions containing polymer molecules because of the improved propulsion 

efficiency. The length of a slender body is much larger than the mesh size of a 

polymer network. The network forms a virtual tube around the slender body and the 

body moves easily in the tube but with difficulty outside the tube. The maximum 

viscosity that facilitates the movement of the bacteria is also species dependent. P. 

aeruginosa stopped swimming at 60 cP (Greenberg, Canale-Parola 1977a). 

Schneider, Doetsch (1973) observed the effect of viscosity on peritrichously 

flagellated bacteria among them S. marcescens. S, marcescens was tested in PVP 360 

solutions and the maximum velocity occurred at 4.7 cP and reached ~40 pm/s. In one 

of the experiments S. marcescens cells were grown in LB broth first then tested in 

different concentration of Ficoll 400 (Figure 6.12). A maximum velocity of 25.9 

pm/s was reached at 1.8 cP which is below the velocity measured with the control. 

The study of the cells size indicated that the shorter cells (~3.8 pm and 25.9 pm/s) 

swam faster than the most elongated cells (4.6 pm and 20.8 pm/s) (Figure 6.12 and 

6.13) within viscous environment. Those results were in accordance with velocity 

measurements made within the Big maze network (Figure 6.8) that showed that the 

most elongated cells (between 5.5 pm and 8 pm) had a velocity approximately equal 

to the cells that swam in LB broth only (-22pm/s and -23 pm/s respectively). With 

Ficoll 400, S. marcescens did not show the same increase in speed as with PVP 360. 

In their study on swarming phenotypes, Alberti, Harshey (1990) also tested PVP 360 

along with other polymers. The best results in terms of swarm cells were found with 

Ficoll 400 but PVP 360 also showed good induction of swarm cells between 2 cP and 

10 cP (0.5 to 2.5% PVP 360). For the cells grown beforehand in Ficoll 400 and then 

loaded in a viscous environment, the fastest cells were the most elongated ones (28.1 

pm/s and 5.3 pm at 3.7 cP) (Figure 6.14 and 6.15). In that condition, the cells 

velocity was very close to the one measured with the control. The most elongated 

cells were initiated from a concentration of Ficoll 400 starting at 7 % which 

correspond to 3.1 cP. Cells that were grown first in LB broth containing different 

concentration of Ficoll 400 and then loaded into the Stripe structure filled with LB 

medium only showed shorter cells size and also slower or similar speed in 

comparison to the previous experiments where the growth medium and the network

179



were both filled with different concentration of Ficoll 400 (Figure 6.16 and 6.17). 

During their life cycle, swarming cells are able to dedifferentiate into the swimming 

phenotype when the surrounding medium is liquid. The latter experiments represent 

this situation and confirm that the cells phenotype change when the extra-cellular 

environment changes.

6.5 Conclusions

Microchannels systems offer the possibility of changing the extra-cellular 

enviromnent of the cells, thus providing the opportunity to study the phenotypic 

behaviour of S. marcescens. From results obtained in this chapter, channels filled 

with different concentration of Ficoll 400 induced different cells phenotype which 

was quantified through the measurement of the size of the cells and the cells velocity. 

Light microscopy was used to confirm that the concentration of Ficoll 400 within 5 

% to 10 % modified the phenotype of S. marcescens as described by Alberti, 

Harshey (1990). The maximum cells size of 8 pm to 10 pm in length was observed 

within the Big maze network that contained LB broth and 9 % of Ficoll 400. Those 

cells swam at ~22 pm/s through the channels and faster than the swimming cells 

(~18 pm/s). Results from a second set of experiments performed within the Stripe 

network revealed a maximum of 5.3 pm in length when the cells were first grown in 

LB broth containing 9 % of Ficoll 400 and then loaded in the Stripe network filled 

with both LB broth and 9 % Ficoll 400, while a maximum of 4.6 pm was observed 

when the cells were first grown in LB broth only and then loaded in LB broth that 

contains 9 % of Ficoll 400. The experiments revealed also that a decrease in velocity 

of the swimming cells was observed by the addition of Ficoll 400 in LB broth in 

comparison to the velocity measured in undiluted LB broth solution. Conversely, the 

fastest cells were also the most elongated one. Ficoll was effective in changing S. 

marcescens phenotype. Serratia marcescens’ unique characteristics make it an 

excellent candidate to develop microdevices capable of measuring viscosity.
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Chapter 7
Conclusions and future work

7.1 Overview of main research findings and contributions

What makes bacteria swimming possible is the use of their flagellar motor and its 

ability to rotate steadily and switch direction in response to environmental signals. 

Therefore, bacteria may by theory move in any direction. Unlike bacteria, 

filamentous fungi growth is extremely polar and extends at the tip, which is 

characterised by the initial establishment of one direction followed by its continuous 

maintenance. The fungal and bacterial species used in this thesis were naturally 

occurring wood pathogens (Armillaria mellea) and soil bacteria (Serratia marcescens 

and Pseudomonas stutzeri). Both environments are porous and heterogeneous. At the 

micrometer scale physical interactions include cells interactions with other cells, and 

with the surrounding fluid as well as with surfaces. The interactions of the cells with 

different networks were studied in this thesis to understand the behaviour of 

microorganisms in confined enviromnents. Soft lithography associated with PDMS 

was used as a technique to create complex environments at the micrometer-scale. 

Microfluidic confinement enable the study of small populations of cells under 

identical conditions, faster and in conditions that better mimic an in vivo 

environment. Another important advantage of the PDMS-based microfluidic network 

is that it provided direct visual information on how a constraining environment may 

affect microorganisms’ motility.

A. mellea was found to explore the mazes without any nutrient cues. The success rate 

was close or superior to 1. A. mellea was able to grow through every network 

exhibiting similar geometry-induced mechanisms. The branching pattern exhibited 

on plain agar was significantly different from the branching pattern in the confined 

environment where branching was initiated due to “tip-to-wall” collisions. This was 

unexpected as hyphal branching play a central role in the development of a fungal
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mycelia colony. However, it revealed the importance of thigmotropism in fungal 

growth. The work revealed as well responses which were independent from the 

geometry. The data measured within the networks represented most likely the 

attributes A, mellea needs to colonize its natural environment and indicates that it 

might offer biological advantages to the species. A. mellea growth behaviour was 

changed by the confinement which indicates that (i) microfluidic networks were a 

very simple and efficient mean to observe fungal growth and (ii) filamentous fungi 

have developed adequate strategies to resolve geometrical problems. PDMS-based 

microfluidic environments are therefore an excellent means to investigate the sensing 

and orientation ability of A. mellea and have revealed, so far unreported space

searching strategies. The detail knowledge of fungal growth is beneficial for the 

control of fungal pathogen on medical devices and the design of microfluidics 

devices. The high density of features and obstacles has the ability to direct and/or 

stop fungal growth which is an ideal situation to apply antifungal drugs especially for 

in vitro device. Species-specific responses open the avenue for the design of surfaces 

that are species selective.

Serratia marcescens and Pseudomonas stutzeri were observed within PDMS made 

microfluidic networks. The species differ in their swimming pattern which was 

interesting to observe within the networks to evaluate their differences and 

similarities. The motility parameters measured in restricting geometries varied for 

both species and in comparison to those measured in non-confined environments. 

The microfluidic system provides direct visual information on the swimming 

behaviour of the bacteria. The data showed that bacteria were very efficient to swim 

through narrow channels. The work also showed that it was possible to control the 

spread of bacterial species in artificial maze-like structures. The understanding of the 

motility of single cells near surfaces is an important step towards the understanding 

of their population dynamics, which is relevant to the comprehension of the early 

stages of biofilm formation and bacterial infection. Boundary accumulation and wall 

switching as seen in this work could affect biofilm initiation in multiple ways: (i) in 

disrupting sensing and communication between cells, (ii) in discouraging space 

searching and (iii) adherence to surfaces. The ability to visualize bacteria within
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porous media provide researcher a powerful tool for understanding the impact of 

bacteria transport on remediation strategies for environmental cleanup of polluted 

groundwater. A device like the Stripe network would be an easy and fast way to 

identify different species from sea samples through their motility behaviour as P. 

stutzeri and S. marcescens had a distinct swimming behaviour within straight 

channels. The Stripe network would also be ideal to develop antimicrobial 

susceptibility test through bacterial motility.

S. marcescens swim in liquid media but the species is also known to swarm when the 

viscosity of the media increases (Alberti, Harshey 1990). The authors showed that 

swarming is the result of physical constraint of the environments. The extra-cellular 

environment of the network was therefore modified by addition of Ficoll 400 to LB 

broth which results in the viscosity of the medium from 1.1 cP to 10.5 cP. The 

swimming and the swarming motility were observed in two networks of different 

channels width (15 pm and 10 pm). The effects of the viscosity of the media were 

quantified through the cells size and the cells velocity. Both parameters were 

changed in relation to the viscosity of the medium. The study of the temporal 

emergence of swarming from a single cell in response to its environment may 

provide insight about the mechanism use to translate through fluid.

The work presented in this thesis have provided (i) a new, flexible methodology for 

the study of the behavior of microorganisms in micro-confined spaces (ii) a better 

predictability of the behavior of bacterial and fungal species in natural micro- 

confined environments. The quantitative analysis of data obtained throughout this 

thesis confirmed that the micro-confinement in which the species grow is a non- 

negligible parameter for fungal and bacterial growth. Soft lithography provides a 

bridge between microbiologists and physical scientists or engineers. The applications 

by microbiologists can guide the development of new techniques and materials by 

physicists and engineers. The work presented demonstrates a novel way to use semi

conductor technology: to fabricate artificial structures in the micrometre range 

resembling the spatial properties of the habitat of filamentous fungi and bacteria.

183



7.2 Future work

The results obtained in the thesis chapters (4, 5 and 6) present future directions given 

in the following paragraphs.

Further investigation with fluorescence and confocal microscopy techniques will 

enable the understanding of fungal growth via the observation of intra-cellular 

events. Growth, branching and progress of growing apical tips will be monitored 

within the networks using the stain FM4-64 for example that stain the apical vesicle 

clusters within the Spitzenkbrper or using growth-affected mutants (defective in 

polarity and/or branching). The networks have revealed, so far unreported space

searching strategies. Fmigal hyphae showed the ability to efficiently find entries of 

the networks without physical contact with the walls. This observation was attributed 

to the formation of a self-generated ionic gradient which could guide the hyphae to 

find the exits. Inhibitors useful for identifying the importance of ionic sensing in 

directionality of apical growth will be used as well as inhibitors of calcium/proton 

and potassium/proton exchange channels. Hyphae navigated the networks thanks to 

contact with the walls which is a thigmotropic sensing. This response is thought to 

involve stretch activated calcium channels. Inhibitors of these channels will be used 

to study the role of thigmotropism.

Future work on bacterial motility will include the observation of the swimming 

behaviour in 3-D using optical coherence tomography (OCT) that enables 

observations inside the cells, in 3-D, with micrometer or sub-micrometer resolution. 

It is well known that bacterium flagella have different conformation and is important 

in bacterial pathogenicity. The staining of the flagellum will be useful to know its 

conformation close or away from a wall. Also new networks that specify the decision 

making processes for bacteria can be developed. These networks could have more 

‘cross-junction’ combined with round-about that determines their directionality. 

Another direction could be the comparison of bacteria with different patterns of 

flagellation different from the one used in this thesis. Other species that have
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internalised filaments can also be studied i.e. spirochetes. In general this work opens 

the avenue of the creation of a database of fungal and bacterial behaviour.

The initiation of elongated cells as well as their possible isolation will be useful for 

studying the attractions of elongated cells to surface in comparison to vegetative 

cells. Similarly, it will be useful for studying cell - fluid interactions. The initiation 

of different phenotype in a controllable manner would be helpful for examining the 

variation of gene and protein expression throughout the bacterial cell differentiation.
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Appendix: Frequency distribution of 

S. marcescens and P. stutzeri within the Stripe

network
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Pseudomonas stutzeri 
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