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Abstract

The internal structure of biofilms is crucial for their growth and development. In

particular, the network of internal channels recently discovered in Escherichia coli

functions as a nutrient uptake and diffusion system. While mesoscopic imaging

of these channels has proven to be a powerful visualisation tool, the lack of a

specialised image analysis pipeline has so far prevented an accurate quantitative

characterisation of channel morphology. The genetic determinants of channel

formation also remain unknown.

This thesis describes the imaging and quantification of the network of nutrient-

transporting channels in E. coli biofilms through open-source image analysis

methods, and presents an experimental framework to perform gene deletions lead-

ing to a change in cell shape for the E. coli strain JM105 mini-Tn7-gfp.

The morphology of bacterial biofilms is strongly affected by environmental growth

conditions, with mechanical and biochemical composition of the growth substrate

contributing to the formation of complex three-dimensional patterns. Thanks to

the combination of mesoscopic fluorescence imaging and open-source image anal-

ysis, the width of individual nutrient-transporting channels was measured for

biofilms formed by the E. coli strain JM105 mini-Tn7-gfp, revealing a strong

dependence of channel width on both spatial location inside the biofilm and nu-

trient availability within the substrate. The mechanism of nutrient transport

within channels was proposed to follow fluid dynamic behaviour, which would
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lead to increased nutrient flow towards the centre of the biofilm, where channels

are smaller in diameter.

The use of fractal geometry tools for the quantification of biofilm morphology and

expansion patterns is well documented. The network of intra-colony channels in

E. coli was also originally predicted to exhibit a fractal morphology, and this was

verified in this work through fractal analysis of mature E. coli biofilm images. A

dependence of channel architecture on E. coli cell shape was hypothesised due

to channel formation being an emergent property of biofilm formation, and this

was investigated with four cell shape mutants of E. coli obtained from the Keio

collection, which is a single-gene knockout library derived from the laboratory

strain BW25113. The complexity of internal channels was found to be comparable

to that of computer-generated fractals for all strains grown on both rich and

minimal medium substrates, though cell shape was not identified as a unique

channel morphology descriptor.

The characterisation of nutrient-transporting channels in E. coli has so far been

performed on the laboratory strain JM105 mini-Tn7-gfp thanks to its compatibil-

ity with Mesolens imaging, which provides subcellular resolution across whole,

multi-millimetre sized biofilms. While the results presented in Chapter 2 of

this thesis were obtained with the same strain, the fractal analysis of biofilms

formed by cell shape mutants described in Chapter 3 was performed on the strain

BW25113, the parental strain for the Keio collection. This was due to the rapid

biofilm disruption to planktonic state exhibited by BW25113 during immersion

with liquid mounting medium, which was necessary to match the refractive index

of the Mesolens used in water immersion mode. A genetic engineering protocol

based on Lambda Red recombination was hence designed in order to circumvent

this problem and carry out the inactivation of genes involved in the regulation
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of cell shape in E. coli JM105 mini-Tn7-gfp. While testing this method, the re-

sistance of JM105 mini-Tn7-gfp to the antibiotic ampicillin was discovered and

characterised, leading to a proposed modification of the genetic engineering pro-

tocol using traditional cloning methods.
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Chapter 1

Introduction

This chapter will introduce the main principles of optical microscopy, and will

outline the main microscopy techniques used, or relevant to, this work. In par-

ticular, �uorescence microscopy techniques such as wide�eld and confocal laser

scanning microscopy will be discussed, and the Mesolens will be introduced as

a novel optical instrument to study bacterial bio�lms. Bacterial bio�lms, par-

ticularly those formed by Escherichia coli, will be introduced in terms of their

composition and life cycle. Bio�lm morphology will be discussed, with empha-

sis on internal morphological patterns. Next, image analysis tools useful for the

characterisation of biological specimens will be presented, with a focus on the

techniques applicable to the quanti�cation of bio�lm morphology.
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1.1 Principles of optical microscopy

The concept of microscopy is best explained by the origin of the word itself: the

Greekmikrós, �small�, and skopeîn, �to observe�. In essence, the microscope is an

instrument used to look at small things. In order to do this, microscopes need

to provide magni�cation, which is the means to optically enlarge originally small

objects. This is achieved by a set of lenses, which bend the light rays originating

from the object in a process called refraction. Microscopy also requires contrast

(the ratio between intensities of di�erent points on the object, or between the

object and the background [1]) to facilitate the distinction of features in an im-

age, particularly at borders or edges. In this section, I will describe the principles

of image formation along the light path, image resolution and contrast, as well

as some microscopy techniques particularly important for this study - wide�eld

epi-�uorescence microscopy, confocal laser scanning �uorescence microscopy, �u-

orescence mesoscopy and phase-contrast microscopy.

1.1.1 Ray optics and image formation

When light passes through a boundary between two media with di�erent refrac-

tive indices (such as air and glass), the portion of the light that passes through

to the second medium changes direction in a phenomenon called refraction [2].

Figure 1.1 illustrates the geometry of refraction, where all the rays are assumed

to lie on the same plane. The angle of incidence� 1 and the angle or refraction� 2

are related by Snell's law [3]

n1 sin� 1 = n2 sin� 2 (1.1)

where n1 and n2 are the refractive indices of each medium. The principle of

2



Figure 1.1: Geometry describing Snell's law. The incident beam travels through a

medium with refractive index n1, and crosses the boundary with the second medium (of

refractive index n2) at an angle � 1 from the normal to the boundary. The beam changes

direction and travels through the second medium at an angle� 2 from the normal to the

boundary.

refraction is used in microscopy to focus a beam of light into a speci�c point,

located at a distancef away from the lens. This distance is speci�c to each lens,

and is called focal length [4].

In an optical microscope, images are formed by focusing light rays coming from

an object to speci�c locations thanks to a set of lenses. In the simplest microscope

setup, rays from a light source are �rst focused on the object by the condenser

lens, whose axial position and diaphragm aperture are adjusted in such a way to

provide uniform illumination to the sample [5]. The beam originating from the

object is then focused by a second lens, the objective, onto an intermediate plane.

In order to observe the image by eye, the beam is refracted once more inside the

eyepiece of the microscope, which allows an image to be formed in focus on the

observer's retina [6]. In order to optimise sample illumination while rejecting the

image of the light source, the elements forming the microscope must be arranged

in what is called �Köhler illumination� [7], [8]. This arrangement creates two sets

3



of conjugate planes along the beam path (Figure 1.2) where objects are in focus

at the same time [9].

Figure 1.2: Location of the two sets of conjugate planes formed in Köhler illumination.

The �eld (or object) planes include the eyepiece and retina of the eye, whereas the

aperture planes host the eye's pupil. Figure reproduced from [9].

1.1.2 Resolution

In a microscope, the image of an object is magni�ed by a system of lenses, and

focused onto a spot on the image plane. Because of the di�raction of light through

the optical elements of the microscope, the spot will not be sharp - instead, it

will be blurred, and will have an intensity distribution described by the point

spread function (PSF) [10]. The image observed at the image plane is given by

the convolution of the ideal magni�ed image and the PSF [11].
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The resolution of the imaging system is given by the Rayleigh limit, and corre-

sponds to the full-width at half-maximum (FWHM) of the PSF. More precisely,

the image formed on the focal plane will include a central bright spot followed by

concentric rings �of rapidly diminishing brightness� [12] called Airy rings, which

are separated by dark annuli. The Rayleigh criterion of resolution states that

two points can be resolved if centre of the main Airy disk emitted by one object

coincides with the �rst minimum of the Airy disk emitted by the other. This

principle is illustrated in Figure 1.3. The distance between these two features,d,

is given by [13]

dxy = 0:61
�

N:A:
(1.2)

where� is the excitation wavelength, and the numerical aperture (N.A.) is related

to the refractive index of the medium,n, and the half-angle of focus,� , by the

equation

N:A: = n sin� (1.3)

From Equation 1.2, we see that the size of the smallest features that can be

resolved can be reduced by increasing the refractive index of the imaging medium.

Typical immersion liquids include water (n = 1.33), glycerol (n = 1.47) and oil

(approximately n = 1.51). The lens immersion liquid must be refractive index-

matched to the sample in order to minimise spherical aberration. Most biological

samples have a refractive index close to that of water [14], which is routinely used

in bioimaging.

The considerations above refer to lateral resolution, that is, in the plane of the

object. When imaging biological samples, we are also often interested in axial
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Figure 1.3: The ability to resolve two objects depends on their separation distance,

which a�ects the relative position of their intensity spectra over that distance. When

the peak of one of the two spectra coincides with the �rst minimum of the other spectrum

(Rayleigh criterion, centre) the two objects are resolved. Objects are also resolved if

the distance between these two features is greater than the Rayleigh criterion (left). If

the distance is shorter, on the other hand, the objects are not resolved (right). The

bottom panels in the �gure show the Airy rings patterns produced by the two object

beams. Figure reproduced from [15] with permission from Elsevier (license number

5673801342160).

resolution, which is in the direction perpendicular to the object plane. From

Abbe's theory of di�raction, the axial resolution of a system is given by [16]

dz =
2 �

N:A: 2
(1.4)
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1.1.3 Optical aberrations

A perfect objective lens would have a PSF corresponding to the Airy di�raction

pattern. In reality, this is di�cult to achieve, and the PSF is distorted by a

number of aberrations which result from imperfect lens design or suboptimal

imaging conditions. Optical aberrations can a�ect image quality in the axial or

lateral direction, and can be either monochromatic - if they do not depend on

the wavelength of light used for illumination - or chromatic - if they do.

Chromatic aberrations occur because of dispersion, which is a phenomenon in

which di�erent optical wavelengths propagate at di�erent velocities, depending

on the refractive index of the material in which they are travelling. This sepa-

rates the paths of light rays formed by di�erent wavelengths [17], [18]. Spherical

aberration results from the spherical nature of optical lenses. Rays hitting the

lens at di�erent locations on its surface (along the direction perpendicular to the

optical axis) are focused at di�erent positions along the optical axis: in positive

spherical aberration, rays hitting the edge of the lens are focused closer to the

lens, whereas in negative spherical aberration they are focused further away [19].

Spherical aberrations can also result from a refractive index mismatch between

the medium that embeds the specimen and the lens immersion medium. This

type of spherical aberration can be corrected with the use of correction collars

on some objective lenses, which can adjust the position of the lenses along the

optical axis [20].

Coma and astigmatism are o�-axis aberrations, which arise from point sources

originating away from the optical axis. Coma extends the PSF of point sources

in an asymmetric fashion, in a shape resembling a comet [21]. Astigmatism is an

optical aberration by which an object o� the optical axis is not focused into a
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single spot. This can be due to misalignment of optical elements along the optical

axis [22].

1.2 Fluorescence microscopy

Fluorescence microscopy is one of the most widely used techniques for the in-

vestigation of biological samples, bothin vitro and in vivo. While its achieved

resolution is not as high as other techniques (such as electron microscopy), �uo-

rescence imaging allows to target speci�c molecules inside the sample and image

regions at a depth through living cellular specimens in good detail. The emitted

�uorescent light signal gives information about the intensity and location of �u-

orophores in the sample, as well as on the molecular environment and dynamic

processes that occur within it. The following sections will describe the principles

of image acquisition and analysis in �uorescence microscopy, as well as the par-

ticular features needed to take advantage of �uorescence for biological imaging.

1.2.1 Fluorescence

Fluorescence is a radiative process which involves the absorption of a photon by

a molecule (�uorophore) followed by the emission, a few nanoseconds later, of a

photon with a longer wavelength [23].

The energy transition associated with this process occurs between the lowest

energy level of the excited state (S1) and the ground electronic level (S0), as

shown in Figure 1.4. The extra energy of the absorbed photon is either lost

to vibrational relaxation or it is dissipated as heat in a non-radiative process

called internal conversion. The resulting di�erence in energy maxima between

the absorption and emission spectra is called the Stokes shift [24]. The number
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Figure 1.4: Jablonski diagram showing the main transitions between the singlet ground

state (S0), the excited states (S1 and S2), and the triplet excited state (T 1). Note

that intersystem crossing is non-radiative, since it only involves the transition between

states of di�erent spin multiplicity. It can be followed by the slow (ms) emission of a

photon via phosphorescence. Image created in draw.io (https://app.diagrams.net/ ,

JGraph).

of photons in the excited state,N, decays exponentially with time,t, and follows

the equation

N (t) = N (0) e� At (1.5)

where N(0) is the initial number of excited photons andA is the Einstein co-

e�cient of spontaneous emission, which represents the rate of �uorescence (the

inverse of the �uorescence lifetime� ). Fluorescent intensity also decays exponen-

tially with time, with a rate intrinsic to each �uorophore [25].
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1.2.2 Fluorescent probes

Fluorescence microscopy is particularly powerful for biological imaging thanks to

its capability to speci�cally target molecules of interest. In order to achieve this,

�uorescent probes must be carefully selected depending on a number of factors.

Firstly, their excitation wavelength must match the wavelength of the illumina-

tion source of the microscope. The �uorescent molecules themselves have to be

bright and with a high quantum yield (number of photons emitted / number of

photons absorbed [26]). The �uorescence yield should ideally be independent of

external conditions such as temperature, pH or medium composition [27], and the

�uorophores should preferably be resistant to photobleaching (chemical degrada-

tion of the molecule following prolonged illumination) [28].

Thanks to their molecular and spectral speci�city, multiple �uorescent probes can

be used simultaneously to investigate di�erent biological components inside the

same sample using multichannel �uorescence microscopy [29]. The wide emission

spectra of each �uorophore traditionally limits this technique to a few probes

per sample, because spectral overlap prevents the precise localisation and signal

separation of �uorophores [25]. Nonetheless, image analysis techniques have been

developed to separate contributions from di�erent �uorophores post-acquisition.

One such example is spectral unmixing, which calculates the contributions of each

�uorophore to each pixel intensity using least-square �tting [30]. Crucially, there

is now a wide range of �uorophores available to match speci�c excitation and

emission wavelengths. Fluorescent probes can be distinguished in two categories:

intrinsic and extrinsic �uorophores, which are described below.
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1.2.2.1 Intrinsic �uorophores

Intrinsic �uorophores are biological molecules such as aromatic amino acids (e.g.

tryptophan, phenylalanine), organic compounds (e.g. �avins) and coenzymes

(NADH, FAD) that naturally emit �uorescent light [31]. Because the emission

spectra of intrinsic �uorophores are sensitive to biochemical changes in the local

environment [32], these molecules are often used to study protein-protein inter-

actions and protein conformational changes [25]. Intrinsic �uorophores have also

been used in conjunction with spectroscopic methods to identify bacterial species

[33]�[36] and to study bacterial growth and metabolism [37].

1.2.2.2 Fluorescent proteins

The emission of light by living organisms, called bioluminescence, is a common

occurrence, and can be observed in animal and plant kingdoms alike (insects,

fungi, seawater organisms, etc.), but also in bacteria [38]. The emission of light is

the result of the reaction between a compound named luciferin and the enzyme

luciferase, occurring in the presence of oxygen [39]. It was with the intent of pu-

rifying luciferase from the bioluminescent hydromedusanAequorea victoria that

Shimomura puri�ed the �uorescent protein aequorin in 1962 [40]. While puri�ed

aequorin emits blue light in the presence of calcium ions,Aequorea victoria also

emits green light. This green light is emitted after energy transfer fromaequorin

to a second protein, later named �green �uorescent protein� (GFP) [41].

The amino acid composition and chemical structure of GFP were soon elucidated

[42], [43]. The crystal structure was solved by X-ray crystallography in 1996 [44],

[45], revealing a cylindrical shape made of 11 strands of� -sheet with a � -helix

chromophore inside them (Figure 1.5). The DNA of the GFP gene was sequenced

and cloned in 1992 [46], and was successively expressed in both prokaryotic and
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eukaryotic cells [47]. These achievements paved the way for GFP to be used as a

marker of gene expression and protein localisation [48].

Figure 1.5: Crystal structure of GFP resolved by X-ray crystallography, viewed from the

front (a) and from the top (b). The structure was published in [45] and is reproduced

here from the Protein Data Bank in Europe [49].

Over the years, �uorescent proteins have been engineered to either enhance their

emission intensity [50], or to cover di�erent areas of the visible spectrum [51], [52].

Mutations of GFP were also designed to make it more resistant and less subject

to denaturation, resulting in increased �uorescence yield [53]. Thanks to these

properties, �uorescent proteins are now routinely used in live �uorescence imaging

to study an extensive number of biological phenomena [54], [55], including the

morphological study of cellular organelles [56], protein labelling for localisation

and tracking [57] and single-molecule localisation [58].

1.2.2.3 Synthetic dyes

Synthetic dyes are extrinsic �uorophores produced through chemical synthesis.

The chemical properties of these dyes can be tuned to favour binding to certain

12



molecules or localisation in speci�c areas of the sample to be investigated [59].

For example, the lipophilic dye Nile Red is speci�c to intracellular lipid droplets

and it is strongly �uorescent and soluble in hydrophobic environments [60]. The

�uorescein derivative �uorescein isothiocyanate (FITC), �rst synthesised in 1958

[61], is routinely used for antibody labelling [62] and as an intracellular pH probe

due to its change in �uorescent spectrum with pH [63]. Finally, the �uorescent

stain 4,6-diamidino-2-phenylindole (DAPI) is used as a DNA probe thanks to its

strong electrostatic binding to DNA regions rich in adenosine and thymidine [64],

and it can be used on �xed samples [65].

Synthetic dyes also include a speci�c set of molecules, called photoactivatable

�uorophores, which can switch from an inactive, non-emitting state to an active,

emitting state after illumination by an activation wavelength. Excitation of the

molecule with a di�erent, appropriate wavelength can successively cause them to

emit �uorescence.

1.2.3 Light sources: broadband, lasers and LEDs

Fluorescence can be excited using various types of light sources. For example,

broadband light from an arc lamp can be used in conjunction with emission �lters

in order to select a particular output wavelength range [27]. More recently, this

option has been put aside in favour of laser beams and light-emitting diodes

(LEDs), which usually have a narrower bandwidth and hence a higher wallplug

e�ciency due to the greatly reduced required spectral �ltering [66]. In particular,

lasers have a bandwidth at least three times smaller than that of LEDs [67].

Lasers are a widely used source of excitation in conventional confocal �uores-

cence microscopy, and they have a wavelength range covering the ultraviolet

(UV), visible, and infrared (IR) parts of the electromagnetic spectrum. Their

13



output has high temporal coherence, which makes them monochromatic [68].

Unfortunately, laser sources in the visible wavelength regime (needed to excite

biologically-relevant �uorophores) are costly. Wavelength-doubling techniques

such as second-harmonic generation can be used to bypass this limitation, though

this signi�cantly reduces the wallplug e�ciency of the laser source [69].

LEDs are increasingly being used for wide�eld illumination thanks to speci�c

wavelength selection and wide availability of peak emission wavelengths, from UV

to IR. Other advantages of LED excitation systems are high stability, e�ciency

and reduced noise levels [70]. LED systems are also less bulky than laser setups,

and are generally cheaper. Nonetheless, LED emission is not monochromatic nor

coherent, and requires collimating lenses and �lters for tightly-focused outputs

[71].

1.2.4 Wide�eld and confocal laser scanning microscopy

Fluorophore excitation can occur either with wide�eld illumination (with the light

beam covering the �eld of view of the microscope) or by illuminating a small

region at a time and scanning through the sample using confocal microscopy.

While wide�eld illumination produces a single image of the sample using the

eyepiece or camera as a detector, hence reducing the total acquisition time, it

also brings out-of-focus light into the image plane [72]. Wide�eld microscopy

requires low beam intensities, meaning that photodamage to the sample is low

[73]. Thanks to its simplicity and versatility, wide�eld �uorescence microscopy is

routinely used for studies of biological samples.

The second technique, on the other hand, exploits beam scanning to cover the

�eld of view of the microscope. A light source with a narrow beam (such as a
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laser) is required for this purpose. Confocal laser scanning microscopy (CLSM)

rejects out-of-focus light by introducing a pinhole aperture before the detector,

ensuring that only light from a single focal plane reaches it at any given time [74].

Scanning is usually achieved by changing the focal plane with the aid of movable

mirrors [75]. An alternative design for confocal imaging which aims to improve

image acquisition rate is the spinning disk setup [76]. In this variant, a disk

with multiple pinholes is placed along the beam path, allowing for illumination of

the sample with multiple parallel beams at the same time. Confocal microscopy

has the advantage of producing slightly higher resolution images with respect to

wide�eld microscopy [77], at the expense of image acquisition time (mainly limited

by the movement speed of the scanning mirrors). Laser scanning microscopy

can also produce 3D images by stacking images obtained at di�erent sample

depths. Another advantage of confocal microscopy is that excitation is provided

by lasers, which are monochromatic and thus can speci�cally match the excitation

wavelengths of the chosen �uorophores, and they can be used for simultaneous

or sequential excitation of multiple �uorophores for multichannel imaging.

Both wide�eld and confocal microscopy techniques can be used either in the

single-photon or multi-photon regime. In multi-photon microscopy, �uorescence

can be excited by the simultaneous absorption of multiple, longer wavelength

photons. This has the advantage of increased tissue penetration and reduced

photodamage [78], but requires high power, pulsed lasers which are expensive

[79].
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1.2.5 Detectors

The detection of �uorescence in microscopy is usually performed with high-

precision devices such as charged-coupled device (CCD) cameras and photomulti-

plier tubes (PMTs), and aims to maximise the signal-to-noise ratio (SNR). Wide-

�eld measurements are usually performed using CCD cameras, whereas PMTs are

the common choice for confocal laser scanning image acquisition. Both detectors

work by converting the incoming photon signal into electric charges [80]. Other

factors to consider for the choice of detectors are the response speed (or lag), the

detection e�ciency variation across the selected wavelength range and the ability

to simultaneously detect di�erent �uorescence signals [81].

1.2.5.1 Charge-coupled devices (CCDs)

CCDs are composed of a dense array of photodiodes fabricated from semicon-

ductor materials. When the photodiodes are irradiated with light with energy

greater than the band gap energy, they create electron-hole pairs [82]. The pairs

can be separated by an applied electric �eld, leading to the electrons being ac-

cumulated at the electrodes [83]. Electrons are sequentially shifted towards the

next electrode by changing the electric �eld. After reaching the last electrode,

the charges are ampli�ed and converted to a voltage signal which is stored in the

memory of the computer [84].

CCDs have a broad linear dynamic range [32] and great sensitivity in a large

portion of the spectrum, from X-rays to near-infrared [82]. Nonetheless, because

the absorption depth of silicon decreases steeply for light of wavelength shorter

than 400 nm [85], short wavelengths cannot traditionally be used for signal gen-

eration in CCDs. This limitation can be overcome by applying an anti-re�ection

coating to the back of the CCD [86]. The main disadvantages of CCDs are their
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high power consumption [87] and smearing and blooming artefacts [88]. CCDs

are also particularly sensitive to dark current, a form of noise which originates

from thermal excitation of electrons in the semiconductor wells [89].

1.2.5.2 Photomultiplier tubes (PMTs)

In PMTs, shown schematically in Figure 1.6, an incident beam of light enters

from a window and causes an electron to be ejected from the cathode through

photoelectric e�ect. The electron is then focused and directed into a vacuum

chamber to initiate a cascade of secondary electrons at the electrodes of the

PMT, (called dynodes) [90]. This eventually leads to an accumulation of charge

at the anode. The intensity of the detected signal is proportional to the incoming

photon �ux [91].

Figure 1.6: Schematic diagram showing a photomultiplier tube (PMT), reproduced

from [92]. Reproduced with permission from John Wiley and Sons (license number

5673791158360).

The main advantages of PMTs are high sensitivity, low-noise ampli�cation [32]

and fast response time [93]. On the other hand, PMTs generally have a lower

quantum e�ciency than CCDs [94]. The spectral response of PMTs is also limited,
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and multiple PMTs with di�erent optical window materials are required to cover

the useful spectral range for �uorescence microscopy [32].

1.3 Phase-contrast microscopy

Phase contrast microscopy was developed by the Dutch physicist Frits Zernike

in 1932 as a technique to visualise transparent objects by exploiting small di�er-

ences in their thickness or refractive index [95]. Light re�ected from such objects

undergoes a phase change, but this change cannot be visualised by the human

eye or by a camera, so it must be converted into an amplitude change [96]. This

is achieved by adding a phase plate (also named �Zernike plate") near the back

focal plane of the objective lens, which shifts the phase of the light beams passing

through it by �= 4 [97]. The phase plate is used in conjunction with an annulus

placed in the front focal plane of the condenser lens, with a shape matching that

of the phase plate ring [98]. A schematic diagram of a phase contrast microscope

is shown in Figure 1.7 below.

Light is shifted by a factor of�= 4 when passing through thin transparent specimen

[99], and the total phase shift between the light that passes through the phase

ring and the light that does not is �= 2. This leads to destructive interference,

which causes the specimen to appear darker than the background [100].

1.4 Optical mesoscopy with the Mesolens

Optical mesoscopy is a technique used to image samples between the microscale

and the macroscale (corresponding to sizes between the millimetre and the cen-

timetre), while maintaining high spatial resolution [101]. In this work we have

used the Mesolens [102], a bespoke objective lens with a unique combination of
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magni�cation (4� ) and numerical aperture (0.47). This lens prescription allows

imaging of a �eld of view of 6 mm� 6 mm in confocal laser scanning mode and

of 4.4 mm � 3 mm in wide�eld epi-�uorescence mode, through a total imaging

depth of 3 mm, with a lateral resolution of 700 nm and an axial resolution of 7

� m.

Figure 1.7: Schematic diagram showing a typical phase contrast microscope. An an-

nular phase plate is placed near the back focal plane of the objective to introduce a

phase shift of �= 4 to rays passing through it. A matching annulus is introduced in the

illumination path at the front focal plane of the condenser. Image reproduced from [99]

with permission from John Wiley and Sons (license number 5673791449329).
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The camera used for the detection of wide�eld epi-�uorescence signal uses a tech-

nique called sensor-shifting, which allows the acquisition of 9 images for each

pixel (each shifted by 1/3 of a pixel width from the other, forming a square grid).

This increases the sampling density, and e�ectively increases the resolution from

the original 29 megapixels to 259.5 megapixels [103]. The ability of the sensor-

shifting CCD camera to acquire the full �eld of view of the Mesolens removes the

need for stitching and tiling, an image processing technique which allows to com-

putationally combine individual, high-resolution tile scans of small regions of the

sample into a single, larger image in a mosaic fashion [104]. This method usually

requires overlap between tiles in order to accurately reconstruct the whole image

[105], which signi�cantly increases data acquisition time. Furthermore, stitching

artefacts appearing as dark lines at the edges of each tile in the reconstructed

image are di�cult to remove computationally [104].

The geometry and position of the custom-made lenses and mirrors, shown schemat-

ically in Figure 1.8, are designed such as to minimise astigmatism, spherical

aberrations and chromatic aberrations across the visible spectrum. Distortions

are minimised at the �eld periphery, and the �eld �atness is kept below 3� m

in the visible range across the full �eld of view. The Mesolens can work in both

wide�eld epi-�uorescence and confocal laser scanning modes, and can be adapted

to image in water, glycerol, and oil thanks to multiple correction collars which

adjust the vertical position of lens groups in the objective barrel. Images can be

formed in air, although they are of poorer spatial resolution.

The Mesolens was designed to image whole biological specimens at the early

development stage, such asDrosophila larvae [106], mouse embryos [102] and

zebra�sh [103], and it has since been used to image ultrathick tissues including

whole mounts of mouse brain [107], pancreas, intestine [108] and lung [109].
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Figure 1.8: Schematic diagram showing the arrangement of optical elements around

the Mesolens for confocal laser scanning �uorescence mesoscopy (A) and wide�eld epi-

�uorescence mesoscopy (B). Image adapted from [110] and [111].

1.5 Bacterial bio�lms

Bio�lms are biological structures formed by microbes to survive in di�erent envi-

ronments. Bacterial bio�lms are aggregates of bacteria, their extracellular matrix

and various biological molecules, arranged in a compact but dynamic community

which can adapt to external conditions [112]. Bio�lms o�er protection to me-

chanical stresses and unfavourable chemical conditions such as nutrient or oxygen

de�ciency, toxic substances and antibiotics [113]. These properties constitute a
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danger for public health because the adaptive capabilities of bio�lms can com-

promise medical equipment and industrial tools, for example by contamination

of syringes, catheters [114] and water treatment pipes [115]. In the medical �eld,

bio�lm formation on implanted devices can lead to chronic infections which are

particularly di�cult and costly to cure, and it can promote the emergence of

antimicrobial resistance [116]. For these reasons, a deeper understanding of the

factors that a�ect bio�lm formation and growth is needed.

While many naturally-occurring bio�lms are polymicrobial, research models of-

ten focus on monocultures. The traditional model organisms for morphological

studies of bio�lms arePseudomonas aeruginosa[117],Bacillus subtilis [118], and

Vibrio cholerae [119]. Additionally, the Gram-negative, rod-shaped bacterium

Escherichia coli is a widely studied and well-characterised organism with many

uses in microbiology research thanks to its ability to grow rapidly and strive in

a variety of inexpensive media, ease of genetic engineering and availability of a

wide range of non-pathogenic strains [120]. In particular, K-12 strains ofE. coli

are the preferred lineage for molecular biology experiments [121]. Because 65% to

80% of infections are estimated to be bio�lm-related [122], [123], a quantitative

study of bio�lm morphologies on a variety of environmental substrates would be

bene�cial.

1.5.1 Bio�lm composition

Bio�lms are composed of microbial cells embedded in a self-secreted extracellular

matrix (ECM), as shown in Figure 1.9. The latter can be thought of as the

sca�olding holding bacteria together, and is responsible for the maturation of the

bio�lm. It is mainly composed of water (contributing towards up to 97% of the

mass of the bio�lm [124]), proteins, lipids, nucleic acids, extracellular polymeric
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substances such as exopolysaccharides (EPSs) and extracellular DNA (eDNA)

[125]. The role of each ECM component in bio�lm growth varies depending

on the stage of bio�lm formation, and its production rate is regulated by both

external and internal conditions, which trigger a feedback loop mechanism [126].

EPSs mainly o�er structural support to the bio�lm, thanks to their ability to re-

tain water, but also participate in signalling mechanisms and internal communi-

cation. For example, they contribute to quorum sensing, a collective processing of

external signals and information sharing carried out by freely di�using molecules

[127]. They also protect the bacterial community from external stresses, such

as antibiotics [128]. Some EPS components, such as colanic acid, are responsi-

ble for the resistance of pathogenicE. coli strains in the gastro-intestinal acid

environment [129].

The main proteinaceous components of bio�lms are protein amyloids, which are

responsible for cell-to-cell adhesion (self-assembly). The adhesion to external

Figure 1.9: Schematic diagram showing the structure and composition of a polymicro-

bial bio�lm. In mature bio�lms, bacterial cells are arranged in a closely-packed structure

held together by an extracellular matrix, which o�ers protection from external threats.

Image created in BioRender (license number SR25JKZ3PC).
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surfaces, on the other hand, is mediated by surface proteins called adhesins. A

study by Berk et al. on V. Cholerae bio�lm formation investigated the role of

various matrix proteins using confocal laser scanning microscopy, and found that

each contributes to a di�erent assembly process, as well as to the clustering of

cells within the bio�lm [130].

Extracellular DNA can be released through lysis of dead microbial cells, or during

active growth of viable cells [131]. It acts as a nutrient source for bacterial cells

within the bio�lm, and it strengthens the structure of the bio�lm. A study by

Okchevsky et al. showed that eDNA removal by DNAse resulted in the dispersal

of immature bio�lms, and enhanced antibiotic e�cacy [132]. eDNA can also act

as a shield from antibiotics thanks to its negative charge, which binds to some

positively-charged antimicrobial compounds [133]. This property was con�rmed

by a number of independent studies on both Gram-positive and Gram-negative

bacteria. Finally, a study by Gloag et al. [134] found that bio�lm growth via

independent movement, which takes place as an expanding �ow of cells, is fa-

cilitated by eDNA. This occurs via guaranteeing the correct alignment of cells

that form the expanding edge of the bio�lm. In fact, removal of eDNA led to a

decrease in distance travelled by individual cells during expansion.

1.5.2 Bio�lm growth and maturation

Bio�lm formation and growth depends on the ability of the bacteria to clump to-

gether and interact with surfaces, overcoming repulsive forces (both electrostatic

and hydrodynamic) [112]. Bacteria reproduce by binary �ssion, which results in

two identical daughter cells. This means that during the active growth phase,

bacterial growth is exponential over time. Typical growth curves for bacterial
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populations (Figure 1.10) involve four phases [135]. The initial phase (lag) corre-

sponds to the initial adaptation of the bacterial colony to the environment, and

is characterised by a null growth rate. Following this, an exponential growth

phase occurs, where the cells are healthiest (and hence most suitable for studies

of their structure and composition). The growth rate depends on nutrient avail-

ability, environmental conditions (such as pH) and disposal of toxic by-products.

Bacterial growth does not continue inde�nitely - it reaches a stationary phase in

which the accumulation of waste products and the limitation of nutrients stop

cell duplication, although biosynthesis of products still occurs during this phase.

The �nal phase of the bacterial life cycle is the death phase, which also follows an

exponential trend but is considerably slower than the exponential growth phase.

Each growth phase is characterised by conformational changes and interactions

Figure 1.10: Diagram showing the di�erent phases of growth of planktonic bacterial

cultures as optical density (OD) against time - note the semi-logarithmic nature of the

plot. Figure created in BioRender (license number SR25JKZ3PC).
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with the growth substrate. Surface structures such as �agella, �mbriae, and sur-

face proteins all play a role during the various stages of bio�lm attachment and

growth [136]. For example, the presence and correct functioning of �agella (which

are responsible for cell motility) are crucial in the initial stages ofE. coli bio�lm

formation [136], and they are linked to increased bio�lm formation [137]. The �rst

phase corresponds to a reversible primary adhesion onto a surface, which leads

to the formation of a bacterial monolayer [138]. This phase is in�uenced both by

surface properties (roughness, hydrophobicity) and aqueous ambient conditions

(pH, ionic strength), and is mainly governed by electrostatic and chemical inter-

actions with the surface [139] which are regulated by sensor membrane proteins

[140]. The adhesive organelles �mbriae are required for the initial attachment of

bacterial cells to a variety of surfaces and growth media [136]. For this reason,

�mbriae are considered an important virulence factor inE. coli infections [141].

During bio�lm maturation, bacterial cells aggregate and the intracellular space

�lls with an extracellular matrix. A study by Yan et al. [142] on V. choleraehigh-

lighted that this growth initially involves a steady increase in bio�lm volume, as

cells aggregate and spread onto the surface in a branched pattern. Bacterial

cells successively re-orient themselves in the vertical direction due to continuous

compression of the surface, and proliferate forming a dome structure which is

successively covered by a layer of EPSs. At this stage, the adhesion of bacte-

rial cells onto the surface is irreversible, but the surface of the bio�lm undergoes

continuous morphological changes in order to adapt to di�erent environmental

situations. For example, the bacterial population can rearrange itself to form dis-

tinct microcolonies, growing outwards from the bio�lm centre [143] - this process

is induced by the surface protein Antigen 43 (Ag43) inE. coli [144]. Constituent

cells exhibit di�erent growth rates and physiology depending on their location
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inside the bio�lm, as the resources required for bio�lm growth are recruited from

the surrounding environment over time. This results in the formation of distinct

physiological niches, which follow chemical gradients of nutrients and oxygen

[145]. In E. coli bio�lms, cells generally grow faster if they are close to the

nutrient-rich agar substrate, and start to die from starvation as they move away

from the substrate and the nutrients become limited [146].

Dispersal is the last stage of the life of the bio�lm, and it is characterised by

bacterial cells leaving the extracellular matrix, which is broken down by enzymes

such as dispersins [147], and detaching from the surface. Much is still unknown

on the factors triggering this phase, but it is clear that environmental conditions

play a role in this process. For example, dramatic changes in carbon or oxygen

availability can induce the dispersal ofP. aeruginosabio�lms [148]. Studies on

Staphylococcus aureussuggest that ECM production could be responsible for the

signalling and regulation of bio�lm dispersal [149].

In laboratory experiments, bacterial growth of planktonic cultures is often mea-

sured by turbidimetric methods, using a spectrophotometer which measures the

amount of light transmitted through the sample at a speci�c wavelength com-

pared to the amount of incident light. This quantity is named optical density

(OD) [150], which is an indirect measure of cell density inside the sample. For

most bacterial cells the OD is measured at an incident wavelength 600 nm [151],

which does not cause mutations or cellular damage. Bio�lm presence, on the

other hand, can be quanti�ed using many techniques. For example, bacterial

DNA, proteins and EPS present in bio�lms can be stained with the crystal violet

dye [152] in microtiter plate bio�lm formation assays [153]. Bio�lms resuspended

in liquid cultures can also be quanti�ed using the Coulter method [154], which
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indirectly estimates the number of bacterial particles diluted in a sample by cal-

culating the change in impedance that they cause when �owing through a small

aperture in a tube [155].

1.5.3 Bio�lm morphology

The formation of spatial patterns is ubiquitous in biological systems [156], where

simple biological entities, such as cells, come together and form complex struc-

tures in a process called �morphogenesis� [157]. In 1952, Alan Turing hypothe-

sised that morphogenesis could be explained by �a system of chemical substances,

called morphogens, reacting together and di�using through a tissue� [158]. So-

called Turing patterns would hence arise from a homogeneous population due

to the ampli�cation of small, random perturbations to the system. This phe-

nomenon of spontaneous symmetry breaking is also known as reaction-di�usion

(RD) model [159].

Bacterial populations are not an exception to this phenomenon: Turing patterns

have been observedin vitro for E. coli bio�lms grown inside micro�uidic chambers

[160], [161], and engineered in isogenicE. coli populations tagged with di�erent

�uorescent markers [162]. In fact, bacterial bio�lms can exhibit a variety of inter-

nal patterns, from surface and 3D features to complex fractal shapes [163] (Figure

1.11). As explained in more detail below, these patterns arise from mechanical

forces between the expanding bio�lm and the substrate (such as friction and cell-

surface interactions), which are a�ected by both the physio-chemical composition

of the growth substrate and the properties of component cells [164].
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1.5.3.1 Colony growth and expansion patterns

Bio�lm growth and expansion on semi-solid surfaces (such as agar) are a result

of mechanical forces between the growing cells and the substrate [165], [166].

As such, bio�lm shape and three-dimensional (3D) architecture are profoundly

a�ected by the composition of their growth substrate [167]. Colony size is mostly

a�ected by substrate sti�ness and nutrient availability, which both a�ect bacterial

growth dynamics [168]. InE. coli, soft substrates with a high water content lead

to two-dimensional, fast spreading of bio�lms across the growth surface, whereas

sti� substrates with a lower water concentration are characterised by a slower

and smaller expansion, which promotes the formation of wrinkles, crenulations,

delamination, and buckling in the axial dimension [169]. The increase in bio�lm

area with decreasing agar sti�ness has also been reported forV. cholerae [170],

[171], where it is attributed to interfacial energy, which leads to nonuniform

expansion across the surface. Similarly, bio�lms formed byB. subtilis on soft

substrates are thicker and expand to larger areas with wrinkled edges [172].

Substrate composition can also a�ect colony edge morphology. A loss of spa-

tial symmetry in B. subtilis colony shape has been observed when growing on

nutrient-depleted substrates, leading to irregular edges (Figure 1.11a) [173]. The

directional growth of bacterial cells along nutrient concentration gradients can

also lead to the formation of highly symmetric spot patterns (Figure 1.11d) [174].

The development of bulges protruding from the edge of the colony can also oc-

cur when advantageous mutations arise within the population, as mutants with

a �tness advantage over their wild-type counterpart expand more rapidly [175].

Finally, regularly interspaced structures at the edge ofE. coli colonies can form

as a result of �lamentous, slow growth of adhesive, signalling cells (Figure 1.11c)

[176].
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Figure 1.11: (a) Morphological changes on the surface ofB. subtilis bio�lms grown

on substrates with di�erent nutrient availability (from left to right, 75%, 50% and

25% nutrient levels). Scale bars: 5 mm. Adapted from [173]. (b) Flower-like pat-

terns in E. coli and Acinetobacter baylyi multi-species bio�lms. Adapted from [177].

(c) Regularly-interspaced edge structures in �lamentous, adhesive, signallingE. coli

bio�lms. Branching patterns are shown by arrows. Scale bar 2 mm. Adapted from

[176]. (d) Geometric spots formed byE. coli bio�lms during growth on nutrient-limited

substrates. Adapted from [174] and reproduced with permission from Springer Nature

(license number 5673800135015).

1.5.3.2 Internal patterns

The 3D organisation adopted by bacterial cells inside a colony bio�lm is deter-

mined by many factors, including cell shape, motility, distribution of matrix com-

ponents and interfacial forces [178]. The production and distribution of bio�lm

structural components, and speci�cally of the extracellular matrix, determine

bio�lm structure by a�ecting intercellular interactions [179] and are crucial for

30



pattern formation [180]. For example, EPSs such as colanic acid (a structural

component of the bio�lm matrix) are responsible for the 3D organisation of con-

stituent cells inside the bio�lm, resulting in complex three-dimensional patterns

[144].

Among the many morphologies that can be observed in mature bio�lms, some

of the most common are wrinkles, rings and labyrinth patterns. These can arise

during bio�lm maturation because of the heterogeneous distribution of matrix

components [181]. The deletion of genes responsible for the production of these

matrix components leads to dramatic changes in bio�lm morphology: for exam-

ple, amyloid curli and cellulose contribute to the formation of concentric rings and

wrinkles respectively [182]. Wrinkles are usually formed as a result of buckling

instability, which arises when the bacterial cells experience friction with the sub-

strate during their expansion [183]. Buckling instability arises in bio�lms where

cells are nematically ordered (aligned with their axes parallel to each other) [184]

- this type of self-orientation is typical of rod-shaped cells likeE. coli [164].

Wrinkles can also arise as a result of localised cell death, which increases lateral

compressive forces on the surface of the bio�lm [185]�[187]. Wrinkle patterns

are a�ected by cell motility, as they are greatly reduced inE. coli mutants with

reduced or absent �agellar function [146]. It is also possible to observe more

than one of these structures within the same bio�lm, where they are segregated

in di�erent radial regions [170], [188]. In this case, each structure arises during

a di�erent stage of bio�lm expansion, and the overall morphology is a�ected by

environmental changes.

3D bio�lm architecture can also be a�ected by the shape of individual cells.

In the case of a heterogeneousE. coli population, exhibiting both rod-shaped

and coccal cell phenotypes, the cells adopt a layered structure with coccal cells
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on top of rod-shaped cells. When only one phenotype is present, this layering

does not occur, and instead coccal cells segregate in vertical bundles and rod-

shaped cells mix in a fractal 3D pattern [189]. Cell shape is also important

for bio�lm axial growth: while longer cells exhibit greater surface expansion,

shorter cells experience verticalisation and lead to a thicker bio�lm [190]. More

recently, a multicellular life cycle has been proposed forE. coli [191], where

nematically ordered cells assemble in groups of four (forming a �rosette�), and

extend along the long axis direction forming chains. Bio�lms are formed when

these rosette chains attach to one another, and the stability of the �nal structure

is regulated by adhesion and motility proteins. The dependence of chaining on

adhesive properties is also observed inE. coli microcolonies with diameter of

approximately 100� m [192].

Complex internal patterns can be observed in genetically heterogeneous bio�lms,

such as multi-species bio�lms or bio�lms formed by isogenic strains labelled with

di�erent �uorescent tags. For example, intricate �ower-like patterns (Figure

1.11b) can form inside dual-species bio�lms due to the di�erence in motility

between the two strains [177], and similar patterns can form in yeast bio�lms

during nutrient-limited growth [193]. When isogenic bacterial strains expand

on the same substrate, they can have varying degrees of spatial mixing: coop-

eration tends to increase intermixing, whereas competition leads to segregated

domains within the colony [194]. The shape of the boundary between the strains

is a�ected by a number of factors: for example, populations with similar growth

properties expand simultaneously, forming radially-segregated sectors, whereas

di�erent growth properties lead to successive expansion of one population after

the other, creating ring-shaped boundaries [195]. The boundary shape is also af-

fected by the motility of each strain as it expands on the substrate. For example,
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the chiral rotation of E. coli �agella leads to a clockwise movement of individual

cells on the substrate, which in turn results in a chiral-shaped boundary [196].

Di�erential expression of surface features such as pili and Ag43 leads to a varia-

tion in the level of chirality of the boundary, with their removal coinciding with

higher boundary chirality [197]. A change in chirality is also associated with in-

creased strain �tness, which results from a greater degree of strain intermixing

[198].

Another source of pattern formation is given by spontaneous genetic mutations,

which are rare, heritable changes to the genome occurring without selective pres-

sure [199]. The e�ect of mutations on bio�lm morphology can be visualised if

they confer a �tness advantage over the wild-type population, as this leads to

the formation of morphologically distinct sectors within the colony which can be

observed by traditional microscopy techniques [200], [201]. They can be identi-

�ed by an unusually large width [195] or a signi�cantly reduced �uorescent signal

[202].

1.5.3.3 Bio�lm nutrient transport channels

The existence of void spaces and channels inside bio�lms has been previously

demonstrated in bio�lms grown in anaerobic �xed �lm [203] and continuous �ow

[204] reactors, where they facilitate small-particle transport. Channels can also

be found inP. aeruginosabio�lms grown in micro�uidic devices, where they arise

due to compressive stress during bio�lm growth [183]. Void channels between in-

dividual E. coli colonies have also been observed in groundwater reactors: these

channels reach deep within the bio�lm structure to increase the surface-to-volume

ratio of bacterial cells, and persist inside the bio�lm even weeks after full growth
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conditions are reached [205]. There is evidence from �uorescent particle track-

ing that these channels participate in nutrient distribution and waste removal

between the outer regions of the bio�lm and its centre [178]. Laboratory-grown

E. coli bio�lms also exhibit � m-scale channels penetrating the matrix, which

support the motion of �uorescent beads [206]. The nutrient-transporting func-

tion of these channels has also been observed beneath the wrinkles ofB. subtilis

bio�lms, within a network of liquid-�lled channels [207]. Filamentous channels

are also present throughoutB. subtilis bio�lms, at the interface with the agar

growth substrate. In low nutrient conditions, channels become more elongated

and directional, and they have an increased ability to transport microspheres to

their interior [208].

A recent study by Rooney et al. [209] reported a previously-unseen network of

channels inside mature colonies ofE. coli bio�lms, extending throughout their

volume (Figure 1.12a). Channels appear dark and form complex patterns. These

channels are fundamentally di�erent from those described above, as they are

not empty nor �lled with liquid. Despite their geometrical arrangement being

very similar to the fractal patterns described in the previous section, these intra-

colony channels do not constitute a boundary between two isogenic domains, but

instead form inside bio�lms originating from a single population. Speci�c �uores-

cent labelling was used to systematically test for the biochemical component of

the channels, which was identi�ed as extracellular protein matrix (Figure 1.12b).

The functional role of intra-colony channels was hypothesised to be a nutrient

uptake mechanism. This was suggested by their ability to transport �uorescent

microspheres to the inside of the bio�lm (Figure 1.12c), and by the higher con-

centration of nutrients observed inside the channels compared to the rest of the

bio�lm. Furthermore, the channel structures reformed spontaneously after forced
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