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Abstract

Mitochondrial reactive oxygen species (mROS) have recently emerged as critical micro-

bicidal factors employed by macrophages in the clearance of internalised Streptococcus

pneumoniae [1]. S. pneumoniae is a type of bacteria found in the upper respiratory

tract, which when colonised can spread and lead to life threatening invasive pneumo-

coccal diseases (IPD) [2]. Infants, the elderly and immunocompromised individuals are

more susceptible to IPD [3]. A study has shown alveolar macrophages from patients

with chronic obstructive pulmonary disease were unable to increase mROS production

after bacterial challenge with S. pneumoniae, which correlated with impaired bacterial

clearance [1]. They also observed colocalization between mROS, phagolysosomes and

S. pneumoniae in human monocyte derived macrophages from healthy donors.

There is a growing need to develop alternatives to conventional antimicrobials, for

example pharmacologically enhancing the responses of macrophages, due to the growing

worldwide problem of antimicrobial resistance, which has already been identi�ed in S.

pneumoniae to penicillin [4]. Furthermore, the number of S. pneumoniae serotypes

included in currently available vaccinations is limited [5, 6]. Advances in microscopy

and image analysis o�er new opportunities to quantify interactions between mROS and

S. pneumoniae.

This thesis presents early studies which showed aberrations were present in confocal

images of mitochondria labelled within human monocyte derived macrophages and the

types and magnitudes of aberrations present varied across the sample, which could be

problematic for colocalization imaging studies. Also, as prevalence of IPD is higher in

some developing countries in Africa and Asia [7, 8] where resources are lower, we devel-
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Chapter 0. Abstract

oped M4All: MultiModal Modular Microscopy for All [9], a 3D printable microscopy

system, to increase accessibility to advanced microscopy techniques for macrophage

host defence research. We also carried out initial studies implementing open-source

computational microscopy techniques such as super-resolution radial 
uctuations [10]

and the transport of intensity equation [11].
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Chapter 1

Introduction

1.1 Streptococcus pneumoniae

Streptococcus pneumoniaeis a type of bacteria, also known as the pneumococcus, which

resides in the normal 
ora of the upper respiratory tract in many individuals, particu-

larly children. S. pneumoniaecolonises in the nasopharynx where in healthy individu-

als its presence does not usually cause symptomatic infection, as the immune system is

able to clear the bacteria when they translocate to the lower airway before becoming

pathogenic. However, in a minority of those where the bacteria colonises,S. pneu-

moniae can lead to a number of potentially life threatening invasive pneumococcal

diseases (IPD). IPD occurs when the immune responses become overwhelmed, allowing

pneumococci to spread to a sterile site, for example the blood or cerebrospinal 
uid

(CSF) [2], where it becomes pathogenic.S. pneumoniaeremains the commonest cause

of community-acquired pneumonia (CAP) [12] and can also cause bacterial meningitis

and sepsis [13].

Prevalence of disease is much greater in early childhood, the elderly and those who

are immunocompromised [3]. The adaptive immune system of a child is much less de-

veloped than that of an adult (more detail on the innate and adaptive immune systems

is provided in section 1.2) thus they have a greater susceptibility to infection. The

immune system of elderly adults also deteriorates as they get older thus also increasing

their susceptibility. Furthermore, patients with, for example, Chronic Obstructive Pul-
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monary Disease (COPD) or Human Immunode�ciency Virus (HIV), have been shown

to have increased susceptibility to pneumococcal infections compared to healthy indi-

viduals. A population based study by Braekenet al. [14] comparing two cohorts (cohort

one had a con�rmed diagnosis of COPD and the second was a control group) found

that those with COPD had a fourfold increased risk of developing CAP. Similarly, a

study by Sadlier et al. [15] in Ireland between 2006-2015 showed that although there

was a decrease in IPD incidence in HIV-positive patients over the course of the study,

the rate was still higher in HIV-positive patients compared to the general population.

It has also been shown that this remains the case even in HIV-positive patients who

undergo antiretroviral therapy [16].

Sadlier et al. [15] associated the reduction in the incidence of IPD over the course

of their study with a reduction of IPD in the general population since the introduction

of a childhood vaccination programme toS. pneumoniae. However, although there are

S. pneumoniaevaccinations available, there are still currently limitations with them.

There are greater than 90 serotypes ofS. pneumoniae, including both encapsulated and

unencapsulated pneumococci. Encapsulated pneumococci serotypes have chemically

distinct polysaccarhide capsules [17] which forms the outer layer of the bacteria and

plays a key role in pneumococcal virulence [18]. Currently available vaccines protect

only against encapsulated serotypes but only a limited number. The 23-valent polysac-

charide vaccine (PPV23) was licensed in 1983 and targets 23 encapsulated serotypes

[5]. The PPV23 vaccine contains antigens in the form of puri�ed polysaccharide cap-

sules [6] of the 23 serotypes. It has been identi�ed, however, that the PPV23 vaccine

is unable to generate immunological memory [5] due to the fact the vaccine elicits a

T-cell independent immune response [19]. The vaccine also does not elicit an immune

response in children under the age of two years old [6]. These limitations led to the

development of pneumococcal conjugate vaccines (PCVs) in 2000 [5]. PCVs conjugate

the polysaccharide capsules to diptheria toxin [6] as a protein carrier which allows the

polysaccharide to become a T-cell dependent antigen [19], thus allowing the ability to

generate immunological memory and increase e�ectiveness in children under two. The

most current pneumococcal conjugate vaccine is PCV13, which targets 13 serotypes
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[6].

Although the PPV23 and PCV13 vaccines have had a positive impact on reducing

the incidence of IPD caused by the included serotypes (which were identi�ed to cause

the majority of pneumococcal infections), the vaccines do not, as mentioned, include all

serotypes. In fact, it has been shown that the introduction of pneumococci vaccinations

has led to serotype replacement, where non-vaccine serotypes have become more likely

to colonise and cause disease [5], �lling an ecological niche. Furthermore, there has

been an increase in resistance to antibiotics of the non-vaccine serotypes [6].

Antimicrobial resistance (AMR) in S. pneumoniae against penicillin was �rst re-

ported in the 1960's [4] and the problem has increased worldwide since, coinciding with

a global overuse of antibiotics [20]. Although AMR in S. pneumoniae is not as sig-

ni�cant a problem as it is for some other pathogens, it is particularly problematic for

the demographics outlined above, and particularly some regions of the world, who are

at a higher risk of developing life threatening IPDs. To tackle the continuing issue of

AMR and serotype replacement in S. pneumoniae, and also other problematic bacte-

ria, along with extending the number of serotypes included in the vaccines, alternative

treatments to standard antimicrobials must also be developed. One possible avenue

is by pharmacologically enhancing the microbicidal responses of phagocytes, such as

alveolar macrophages.

The development of alternative treatments �rstly requires an in depth understand-

ing of the complex immune system and speci�c responses of phagocytes, which have not

yet been fully characterised. The aim of this research project was to develop microscopy

hardware and imaging techniques to overcome imaging challenges when investigating

macrophage host defence responses against the pneumococcus. This chapter will give

a general overview of the immune system (section 1.2) and the origin and function

of macrophages (section 1.3), before reviewing what is already known in the literature

about macrophage pathogen interaction withS. pneumoniae(section 1.4). Methods for

imaging macrophage microbicidal responses and imaging challenges will also be covered

(section 1.5), before the aims of this research project and an overview of the structure

of the thesis will be given (section 1.6).
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1.2 The Innate and Adaptive Immune Responses

The human immune system is broadly divided into two types of response, namely

the innate and adaptive immune responses. The innate immune system is a set of

responses that a human is born with [21] and is not speci�c to any one pathogen.

Innate immune responses are the �rst line of defence [22] and act rapidly to either

ideally clear, or if not contain, the bacteria or other pathogen until an adaptive immune

response can be established [23]. Innate immunity has traditionally been viewed as not

requiring immunological memory and not improving with repeated exposure to the same

foreign agents, although this view is being challenged with recent evidence of epigenetic

modulation of innate responses by prior exposure [24]. The adaptive immune response,

on the other hand, takes days to develop and is acquired and improved throughout

the human's lifetime on repeated exposures [21]. It is also highly speci�c such that

variation in a speci�c pathogen can allow immune escape [25].

Innate immune responses can be characterised into sub-groups: anatomical and

physiological barriers, humoral factors such as complement and other factors in blood

or tissue 
uid, and cellular responses which kill pathogens either extracellularly or after

phagocytosis in the intracellular environment using a variety of microbicidal responses

[23]. Anatomical barriers include the skin and mucous membranes and prevent microor-

ganisms entering the body [22]. Temperature, pH and other chemical mediators make

up the physiological barriers [26]. When both the anatomical and physiological barri-

ers are breached, the complement system is the next response which is triggered [27].

Complement activation enables opsonisation to facilitate phagocytosis by macrophages,

neutrophils and dendritic cells, but can also directly kill bacteria and can aid recruit-

ment of in
ammatory cells to sites of infection by acting as chemotaxis factors [23].

Phagocytosis allows uptake of larger structures as opposed to pinocytosis which allows

uptake of molecules or 
uid. Endocytosis, like phagocytosis is receptor mediated but

involves smaller structures. In phagocytosis the cell membrane expands and surrounds

the bacteria, encapsulating it in a vesicle called a phagosome [28]. The phagosome

subsequently fuses with a series of endosomes and ultimately matures by fusion with
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lysosomes, forming a phagolysosome [29]. The bacteria within the phagolysosome is

broken down by enzymes from the lysosomes, other proteases and reactive oxygen

species (ROS) [30]. Phagocytes can also produce mediators to orchestrate other key

in
ammatory responses [28].

1.3 Macrophages

Our research focuses on the responses that macrophages employ in the clearance ofS.

pneumoniae. Therefore the remainder of this chapter will focus on what has already

been discovered in that area and the challenges when it comes to imaging studies of

macrophage host defence responses.

1.3.1 Origin

Macrophages are derived from either circulating monocytes in the blood when they

migrate into di�erent tissues and di�erentiate, or from resident tissue macrophages

[31]. In many tissues, such as the lung, the macrophage is derived from the resident

macrophage pool and has a distinct origin from foetal yolk sac-derived cells. This

steady state population is complemented by the recruited monocyte-derived cells during

in
ammation [32].

1.3.2 Function

Macrophages are the resident phagocytes in tissue and specialist macrophages reside

in di�erent areas of the body [31]. In most cases resident tissue macrophages are the

�rst phagocyte to mount a response against pathogens [27]. Macrophages express what

are called pattern recognition receptors (PRRs) which recognise pathogen-associated

molecular patterns (PAMPs), molecular structural patterns which discriminate between

self and non-self, such as microorganisms [28]. Di�erent receptors induce di�erent

responses, for example scavenger receptors trigger phagocytosis through binding to

non-self ligands [23] and Toll-like receptors (TLRs) determine the activation state of

the macrophages [33] and are key in cytokine production [34].
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The resident macrophage in the air space of the lung is the alveolar macrophage

(AM), protecting the lung from respiratory pathogens. AMs are particularly good

at keeping lung damage to a minimum whilst activating and regulating in
ammatory

responses, thus preserving lung function [35]. AMs can eliminate small numbers of

bacteria but when they become overwhelmed they orchestrate other key in
ammatory

responses, such as the recruitment of neutrophils [35], through production of cytokines

and chemokines [28].

1.4 Macrophage Pathogen Interaction with Streptococcus

pneumoniae

1.4.1 Macrophage Antimicrobials

Exact microbicidal mechanisms of macrophages are, in general, not well de�ned. Al-

though macrophages do phagocytose extracellular pathogens likeS. pneumoniae, the

ability to clear the bacteria after ingestion is less e�ective than other types of phago-

cytes like neutrophils [36]. Reasons for this can include the polysaccharide capsule

of encapsulated serotypes ofS. pneumoniae aiding in pneumococcal virulence by in-

hibiting being recognised and phagocytosed by macrophages and other innate immune

cells [3]. Also, it is known that macrophages generate ROS via the nicotinamide ade-

nine dinucleotide phosphate (NADPH) oxidase system, but don't generate more potent

halogenated ROS which are used by neutrophils, such as hypochlorous (HOCl), as

they usually lack myeloperoxidase [35, 36]. S. pneumoniae has also adapted to re-

sist oxidative stress, however, macrophages can produce nitric oxide (NO) through the

inducible nitric oxide synthase (NOS2) system. This allows NO to react with ROS

to generate reactive nitrogen species, which are more potent antimicrobials than ROS

[35], although the production of NO is found to be lower in human macrophages than

in murine macrophages [35]. It has also been proposed that macrophage-derived pro-

teases, such as MMP12, contribute as microbicidal factors to kill bacteria [37]. However,

macrophages lack the granule-associated serine proteases of neutrophils, e.g. cathepsin

G and neutrophil elastase [35]. Therefore, macrophages need to use a combination of
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factors including reactive oxygen species, peptides and proteases, as well as a low pH

environment in the phagolysosome to overcome pathogen resistance.

1.4.2 Apoptosis

The role of apoptosis, a form of programmed cell death, has also been con�rmed in

the clearance ofS. pneumoniaeby AMs [35]. Macrophages must resist apoptosis until

they have performed key antimicrobial functions, including those outlined above, and

only then can host-mediated apoptosis be induced to aid in the clearance of bacte-

ria. This transition is a delayed response to clear residual bacteria that have not been

killed by intraphagosomal mechanisms and is regulated by the anti-apoptotic Bcl-2

family protein Mcl-1 [38]. Mcl-1 has a short half-life and is subject to dynamic regu-

lation. It is also a critical regulator of macrophage life-span [39]. Downregulation of

Mcl-1 allows pro-apoptotic Bcl-2 family members to activate a mitochondrial pathway

of apoptosis and this is exactly what happens following pneumococcal challenge [38].

Down-regulation of Mcl-1 occurs upstream of loss of inner mitochondrial membrane

potential, mitochondrial outer membrane permeabilization and caspase-3 activation

[40].

1.4.3 The Role of Mitochondria and Mitochondrial Reactive Oxygen

Species (mROS)

Mitochondria are double-membrane organelles which are found in all eukaryotic cells.

Mitochondria are known as \the powerhouse" of the cell, producing adenosine triphos-

phate (ATP) which provides energy for most cellular functions [41]. They also play an

integral role in mediating the microbicidal responses of macrophages [41, 42], o�ering

a new target for alternative antimicrobial strategies. Recently, the microbicidal role

of mitochondrial reactive oxygen species (mROS) has emerged as a critical factor in

macrophage bacterial clearance [1, 43]. Mitochondrial �ssion is also a factor associ-

ated with mitochondrial ROS production and a shift to glycolytic metabolism [44, 45].

Glycolytic metabolism is critical in classical activation of macrophages in response to

lipopolysaccharide (LPS) [46].
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Mitochondrial Reactive Oxygen Species (mROS)

Mitochondria are one of the largest generators of reactive oxygen species in the form of

mitochondrial ROS (mROS). Production takes place during oxidative phosphorylation

at the electron transport chain located on the inner membrane of the mitochondria. By

using oxygen and simple sugars it is oxidative phosphorylation which produces ATP.

Involved in this process are �ve protein complexes. Superoxide (O2:� ) is generated by

electron leakage at complex I and complex III [47]. Hydrogen peroxide (H2O2) is also

then quickly produced by the dismutase of superoxide [47, 48].

Historically, mROS were not appreciated as having a microbicidal role. It was

thought that mROS were only produced as a by-product of metabolism [43], causing

cellular damage as opposed to having a physiological function [49]. Since then mROS

have been recognised as signalling molecules [50{52] and in determining cell viability or

cell death [53]. The main microbicidal source of ROS was originally understood to be

generated by the NADPH oxidase system to kill intraphagosomal microorganisms [29].

More recently the role of mROS in host defence against intracellular bacteria has been

acknowledged by Westet al. [43]. They studied the e�ects of TLRs on bactericidal

activity and found that macrophages with depleted amounts of cells-surface TLRs have

decreased production of mROS induced by TLRs. This correlated with decreased mi-

crobicidal activity against intracellular Salmonella typhimurium. To con�rm the role of

mROS the study also reduced the amount of mROS produced by expressing catalase in

the mitochondria as a control and again found that the macrophages had an impaired

ability to clear engulfed bacteria.

The role of mROS against extracellular bacteria, likeS. pneumoniae, had not been

de�ned until a more recent study by Bewley et al. [1] showed that those diagnosed

with COPD have AMs with impaired mitochondrial microbicidal responses involving

the production of mROS. The early microbicidal response to bacteria in COPD AMs

following phagocytosis does not appear to be altered, however the delayed apoptotic

phase of bacterial killing is. The levels of Mcl-1 in COPD AMs are elevated and the

AMs fail to downregulate Mcl-1 at the point where healthy AMs would induce apoptosis

mediated killing. COPD AMs were shown to have an increased basal production of
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mROS, however after bacterial challenge withS. pneumoniae they failed to increase

mROS production, linked with the failure to downregulate Mcl-1. Failure to increase

mROS production was connected with the COPD AMs reduced ability to clear S.

pneumoniae.

Mitochondrial ROS are essential to the microbicidal function of macrophages, how-

ever their role is not yet fully understood. Initial imaging of mROS with confocal

and structured illumination microscopy has suggested colocalization between mROS

and bacteria [1]. However, imaging studies require improvement to better characterise

kinetics and localization of mROS with respect to bacteria and the phagolysosome.

Morphology Changes and Fission

A recent study by Mohasin et al. [44] has also shown that the mitochondrial network

within macrophages becomes signi�cantly fragmented, through a process called �ssion,

12 hours after bacterial challenge withS. pneumoniae. Mitochondria are very dynamic

organelles with a complex network - they continually fuse together and break apart

depending on cell requirements. Fission allows dividing or growing cells to repopulate

mitochondrial numbers [54] and fusion allows healthy mitochondria to fuse with mutant

mitochondria to increase respiratory function [55].

Mohasin et al. [44] found that there's an interplay between mitochondrial �ssion

and production of mROS. Fission was associated with a reduction in oxidative phospho-

rylation and an increase in mROS production following bacterial challenge. Inhibiting

mROS production using mitoTEMPO resulted in reduced mitochondrial �ssion. As

did inhibition of cathepsin B (which also stimulates mROS production). Inhibition of

cathepsin B also reduced clearance of ingested bacteria. As discussed in section 1.4.2,

apoptosis is a key response utilised by macrophages to clear residual bacteria and is

regulated by Mcl-1. Mohasin et al. [44] have suggested �ssion is activated to enhance

mROS as an additional microbicidal response which may lead to apoptosis, however

mROS itself does not drive apoptosis. Further imaging studies must be carried out to

further investigate the interplay between mROS production and mitochondrial �ssion

and their role in clearance of internalisedS. pneumoniaewithin macrophages.
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1.5 Methods for Mitochondria and mROS Detection

To investigate and understand the roles of mitochondria and mROS in the clearance

of S. pneumoniaeand other bacteria, it is imperative to carry out imaging studies to

view and localize any interactions with the pathogens. Currently the imaging sections

of the studies discussed in section 1.4.3 by Mohasinet al. [44], West et al. [43] and

Bewley et al. [1] focused mainly on confocal microscopy of �xed cells.

Confocal microscopy is a 
uorescence based microscopy technique which removes

out of focus signal from the imaging plane to increase contrast and signal to noise ratio

(SNR) compared to wide�eld 
uorescence microscopy. As with wide�eld 
uorescence

microscopy, samples are labelled with 
uorophores to speci�cally view only the struc-

tures of interest. Generally, 
uorophores are dye molecules or 
uorescent proteins that

absorb excitation light, from a spectrum associated with that 
uorophore, and then

spontaneously relax to emit light of a longer wavelength (�gure 1.1). Fluorophores can

also be forced to carry out stimulated emission, as is the case in stimulated emission

depletion (STED) microscopy which is discussed further in section 3.1.1.

Figure 1.1: Schematic (Jablonski) diagram illustrating the process of 
uorescence. The blue arrow
indicates absorption of a photon, exciting an electron from the ground state S 0 to a higher energy
state e.g. S2 . Following a non-radiative relaxation to the lowest excited state, S 1 , either spontaneous
emission (green arrow) or stimulated emission (red arrow) occurs.

Fluorescence labelling methods include 
uorescent dyes, 
uorescent proteins and

immunolabelling. Fluorescent dyes have chemical modi�cations which allow them to

speci�cally bind to certain sites within the cell, for example those which bind to nucleic
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acids and allow labelling of cell nuclei. Whereas immunolabelling is based on antibodies

which bind to speci�c antigens within the cell. A primary and a secondary antibody

can be used. The primary antibody binds to the speci�c target within the cell, the

secondary antibody has the 
uorophore bound to it and binds to the primary antibody.

A primary antibody on its own can also be used if it is conjugated to a 
uorophore

itself.

The 
uorescence emission signal is spectrally separated from the excitation light,

using optics such as �lters and dichroic mirrors, so as to only image the 
uorescence

emission and thus the structures of interest. In wide�eld microscopy both the in focus

light originating from the sample image plane and the out of focus light originating

from other planes in the sample are imaged onto the detector (�gure 1.2(a)). Whereas

in confocal microscopy, a pinhole placed before the detector provides optical sectioning

by only allowing the in focus light to pass through (�gure 1.2(b)).

(a) (b)

Figure 1.2: (a) Schematic of wide�eld microscopy where both the in focus and out of focus light are
imaged on the detector. (b) Schematic of confocal microscopy where pinhole 2 rejects the out of focus
light from the detector.

Mitochondria within macrophages can be 
uorescently labelled very speci�cally

using either immunolabelling with a Tomm20 primary antibody (protocol is outlined

in section 2.5) or 
uorescent dye such as MitoTracker which has di�erent forms that

either rely on the mitochondrial membrane potential [56] or work independently from

it. Using confocal microscopy, Mohasinet al. [44] were able to study changes in
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mitochondrial morphology between healthy and challenged macrophages. There are

however some limitations with confocal microscopy that pose challenges for studying

the speci�c locations of mitochondria, mROS and bacteria with reference to one another

and to image any interactions between them. Although confocal microscopy provides

greater contrast images and a slight lateral resolution increase compared to wide�eld


uorescence microscopy, the greatest improvement is in the axial resolution from the

optical sectioning capability and the resolution of confocal microscopy is still inherently

limited by di�raction theory. Di�raction theory says that an objective lens will image

a point source in the sample as a di�raction pattern, known as the Airy disk. The Airy

disk is the smallest feature in a microscope image that can be resolved and depends

upon the wavelength of excitation light (� ) and the numerical aperture (NA) of the

objective lens according to Abbe's lateral di�raction limit equation:

dxy =
�

2NA
(1.1)

In confocal microscopy the equation becomes:

dxy =
0:8�
2NA

(1.2)

Abbe's axial resolution equation is:

dz =
2�

NA 2 (1.3)

In confocal microscopy, the optical sectioning capability improves this to:

dz =
1:4��
NA 2 (1.4)

where � is the immersion medium refractive index.

This highlights in confocal microscopy there is still a limited resolution based on op-

tical theory. Therefore with confocal microscopy there is a limit to which colocalization

studies within macrophages can be accurately carried out. Individual mitochondria are
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approximately 0.5-1� m in size [57] and so can be resolved by standard optical mi-

croscopy techniques. The pneumococcus is also a similar size and can therefore also

be resolved. The problem arises when localizing them with respect to one another. If

the distance between them is less than the di�raction limit, it cannot be determined

whether they are interacting with one another, or whether there is a gap between them

that cannot be resolved.

In the past couple of decades there has been the development of super-resolution

microscopy techniques which break the di�raction resolution limit (further information

in section 3.1.1). One of which is structured illumination microscopy (SIM) and as

mentioned in section 1.4.3 initial studies using this technique has suggested colocaliza-

tion between mROS andS. pneumoniae16 hours after macrophage bacterial challenge.

Therefore, further imaging studies using super-resolution microscopy techniques need

to be carried out.

As mentioned at the beginning of this section, the studies by Mohasinet al. [44],

West et al. [43] and Bewleyet al. [1] all imaged �xed cells. However, the mitochondrial

network dynamically changes and not only do mROS have a very short half-life, ranging

from 10� 9 s to a few seconds [58], but as mentioned before, they can react with NO to

form reactive nitrogen species [59]. Therefore it would be advantageous to use live cell

microscopy to image interactions between mitochondria and mROS with pneumococci

within macrophages. Live cell microscopy can be challenging with confocal microscopy

and some super-resolution microscopy methods. Confocal microscopy is a laser scanning

based technique. The laser is focused down to a small spot size and raster scanned across

the sample plane to build up an image. A single photon detector detects the signal at

each scanning point, building up the image pixel by pixel. Depending on the desired

image size, scans can take a su�ciently long enough time that some dynamic processes

will have taken place before the scan is complete, especially if imaging full z-stacks.

Spinning disk confocal microscopy can alleviate this problem to a certain extent with

faster scanning times - typically hundreds of frames per second compared to tens of

frames per second for laser scanning confocal microscopy [60].

The short half-life of mROS also causes limitations for the development of 
uo-
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rescent probes to image them. Probes must be very speci�c to a certain mROS, be

resistant to photobleaching and also be non-toxic [61]. MitoSOX is one of few com-

mercially available probes which was developed to be speci�c to imaging mitochondrial

superoxide. Originally it was found that the reaction of dihydroethidium (DHE) with

superoxide formed a superoxide-speci�c product [62]. MitoSOX is a modi�cation of

DHE by the addition of a lipophilic triphenylphosphonium cation (TPP + ) allowing

it to be targeted to mitochondria [63]. Mitochondria have two membranes, an outer

membrane and an inner membrane. The latter has a large potential across it, in living

cells this is between 120-170 mV [64]. The positive charge of lipophilic cations means

they are driven into the mitochondrial matrix by the potential gradient across the in-

ner membrane [65]. TPP+ accumulation within the mitochondrial matrix is therefore

dependent upon the magnitude of the inner membrane potential and can be described

by the Nernst equation:

membranepotential (mV ) = 61 :5log10(Ci =Co) (1.5)

where Ci is the concentration of TPP+ inside the mitochondrion and Co is the

concentration of TPP+ outside [64]. When mitochondria depolarize, selective accumu-

lation of MitoSOX within the mitochondrial matrix as opposed to in the cytoplasm

will not occur [59], which could cause problems around the time point at which apop-

tosis in macrophages is triggered as this process involves a loss of mitochondrial inner

membrane potential.

The reaction of MitoSOX with superoxide also in fact produces two 
uorescent

products, one being superoxide speci�c and the other formed in response to general

oxidative stress [47]. Therefore if using this dye, 
uorescence microscopy may not be

su�cient on its own to quantify measurements of superoxide and it has been suggested

that the use of high performance liquid chromatography or mass spectrometry may

need to be employed [61]. Controls could also be used to inhibit mROS and other

reactive species to show that the signal comes from mROS.

There is another commercially available 
uorescent probe which is boronate-based,
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namely MitoPY1, for detection of hydrogen peroxide within the mitochondria [66].

MitoPY1 can also be used with confocal microscopy and 
ow cytometry [63]. However,

like MitoSOX, it is not completely speci�c and also reacts with peroxynitrate [47].

Because of the limitations with commercially available dyes there is ongoing research

into 
uorescent probes that are speci�c to mROS [63].

1.6 Aims

The broad aim of this research project was to improve detection and quanti�cation of

mitochondrial microbicidal responses (speci�cally mROS and related pathways) in re-

sponse to internalisedS. pneumoniaein alveolar macrophages. Highlighted in the previ-

ous sections is the rationale behind the need to improve imaging studies in macrophages

and the challenges to overcome.

The �rst aim was to address challenges with spatial resolution when carrying out

colocalization studies between mitochondria, mROS and pneumococci. As mentioned

in section 1.5 individual mitochondria and the pneumococcus are of a size which is re-

solvable by di�raction limited optical microscopy techniques. Di�raction limited spatial

resolution becomes a problem when localizing a network of mitochondria and bacteria

with respect to each other and quantifying interactions. The smaller the achievable

resolution of the microscope is, the more accurately the mitochondrial network and

bacteria can be mapped. Some super-resolution microscopy techniques can achieve

resolutions down to � 10 nm, however they can be particularly sensitive to image aber-

rations which can cause errors in colocalization measurements. Therefore, we endeav-

oured to investigate the e�ect of image aberrations on confocal 
uorescence images of

macrophages using a custom adaptive optics enhanced confocal microscope, hypothesis-

ing that image aberrations may result in inaccuracies of colocalization measurements,

with a future aim of extending this research to super-resolution microscopy. Chapter

3 includes an introduction to super-resolution microscopy and adaptive optics (section

3.1) before presenting early studies we carried out to assess the extent to which aberra-

tions were present in confocal images of mitochondria labelled within human monocyte
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derived macrophages (MDMs) (section 3.2). We also wanted to assess the suitability

and e�ectiveness of using computational super-resolution microscopy methods, namely

Super-Resolution Radial Fluctuations (SRRF) [10], to improve spatial resolution (sec-

tion 3.3), and to what extent aberrations a�ected SRRF reconstructions (section 3.4).

The second aim was to address challenges with temporal resolution. There are two

challenges relating to this. The �rst relates to short time scales where we want to

image fast dynamic processes, such as changes in mitochondrial morphology and the

production of mROS and any interactions with bacteria. The second relates to long

time scales as the responses of macrophages to pneumococci occurs over a period of

16+ hours when apoptosis is induced. Not only are there problems with imaging live

cells continuously over this time frame (which will be explained further in chapter 3),

but narrowing down important fast dynamic events over such a long period poses a

challenge. Chapter 3 also introduces the Transport of Intensity Equation (TIE) as a

label-free computational phase microscopy technique. Label-free microscopy techniques

mitigate problems with photobleaching and phototoxicity when imaging over long time

periods. Section 3.5 includes early imaging studies to determine the applicability of

TIE microscopy to imaging macrophages.

The third aim was to address challenges with accessibility to advanced microscopy

techniques which allow high spatial and high temporal resolution imaging studies. Not

only is access to advanced microscopy techniques in more developed countries often

limited to specialist facilities due to equipment costs, or specialist research groups

developing custom imaging equipment, access is limited even more so in developing

countries in Africa and Asia where occurrence of IPD is more prevalent [7, 8]. There-

fore we aimed to develop a low-cost and open-source 3D printable microscopy system

that would not only increase accessibility to advanced microscopy techniques but could

also aid in some of the challenges with spatial and temporal resolution mentioned

in this chapter. There is a trade-o� when developing low-cost 3D printable micro-

scopes between resolution and the cost of equipment. As mentioned in this section,

improving resolution beyond the di�raction limit will improve colocalization studies.

However, super-resolution microscopy techniques can be costly, therefore to begin with
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we aimed to develop low-cost di�raction limited microscopes and test computational

super-resolution microscopy techniques as an alternative to keep costs down whilst im-

proving resolution. The same is true for temporal resolution. For this project we chose

to test low-cost cameras with a range of frame rates from 30 fps to 166 fps, to investigate

the quantitative information achievable from cameras in this price range (£30 - £1000).

Chapter 4 introduces the concept of 3D printing and includes a review of avail-

able open-source microscopy systems within the open-hardware community (section

4.1), before covering initial tests we carried out using 3D printed hardware from the

UC2 [67] and OpenFlexure [68] projects (section 4.3). Chapter 4 then includes the

development of the hardware for our new open-source 3D printable microscopy system,

M4All: MultiModal Modular Microscopy for All, to address speci�c design parameters

we required for imaging macrophages (sections 4.4-4.6).

Chapter 5 includes information on optical design theory and ray transfer matrix

analysis for optical modelling (section 5.1), before presenting the design, implemen-

tation, and applicability to imaging macrophage host-pathogen interactions, of three

microscopes using the M4All system: a TIE and 
uorescence microscope (section 5.2),

a dual channel 
uorescence microscope (section 5.3), and an incubator microscope (sec-

tion 5.4). We also present a novel method of calibrating and aligning in�nite-conjugate

microscopes based on ray transfer matrix analysis (section 5.2.4). Finally, chapter 6

provides a review of the hardware and software used to control the M4All microscopes

in this research project.

1.7 COVID-19 Impact Statement

This chapter introduces the role of alveolar macrophages in response toS. pneumoniae

infection, describes challenges to overcome when imaging macrophage host-pathogen

interactions and gives an overview of the structure of the thesis and the outputs from

this body of research. At the beginning of my PhD we had a focus on using adaptive

optics enhanced confocal and super-resolution microscopy to address challenges with

colocalization studies between mROS, mitochondria and bacteria. Chapter 3 details
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initial work and outputs in this area, as well as work using computational microscopy

techniques, which was mostly carried out prior to the COVID-19 pandemic. Due to

a fault which incurred before the pandemic with the deformable mirror required for

carrying out adaptive optics on our microscope, I began investigating the use of low-

cost 3D printable microscopes in imaging macrophage host-pathogen interactions as

they had the potential to provide impact in widening accessibility to imaging research

tools in developing countries with high IPD burden. Due to the pandemic, access to

the lab became limited and therefore, although a new deformable mirror had been

implemented on our custom adaptive optics microscope, it was not possible to keep

recon�guring the microscope between my project and another PhD student's project.

Therefore, I was unable to return to my work on adaptive optics and focused my

research on developing M4All (chapters 4-6).

During the �rst lockdown, I did not have access to the lab from March-August

2020 and therefore adapted my project to work on developing control software for the

M4All system, detailed in chapter 6, as I could not work on the physical 3D printing,

design and implementation of M4All. A second lockdown in Glasgow from January-

April 2020 resulted in my access to the lab being cut to 50%, which impacted data

collection further at a key phase of my research. My collaboration with Prof. David

Dockrell's group at the University of Edinburgh was also impacted by the pandemic, as

travel between Glasgow and Edinburgh was limited and I did not have access to the lab

in Edinburgh. Therefore, I mainly focused on developing alignment methods for the

M4All system, re�ning the design, carrying out stability tests and implementing the

computational microscopy techniques from chapter 3 on the M4All system. Chapter

5 includes initial images of �xed macrophage samples which were acquired once I was

able to obtain samples from Edinburgh, however I was not able to carry out any live

cell work.
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Methods

2.1 Isolation of Human Peripheral Blood Mononuclear

Cells (PBMCs) from Whole Blood Sample Using Per-

coll Density Gradient

To obtain human monocyte derived macrophages, peripheral blood mononuclear cells

(PBMCs) were �rst isolated from healthy human blood samples. Whole blood samples

were obtained after informed consent from healthy donors on the Centre for In
amma-

tion Research Blood Resource (approved by AMREC, Reference number 15-HV-013).

3.8% tri-sodium citrate was added to the sample and subsequently spun down in a cen-

trifuge (350xg for 20 minutes) to form an upper phase platelet rich plasma (PRP) layer

and a lower cell phase. The PRP layer was removed and warm 6% dextran was added

to the lower layer and topped up to 50 ml with saline. The sample was then placed in

an incubator for 20-30 minutes until the red blood cells sedimented into a bottom layer

and there was a clear top layer. The top layer was removed and placed into a clean

tube, topped up to 50 ml with saline and subsequently spun in the centrifuge (350xg

for 6 minutes) to form a pellet.

A Percoll density gradient was then prepared. The stock Percoll solution was 27 ml

Percoll + 3 ml phosphate bu�ered saline (PBS). The Percoll gradient had three layers;

the bottom layer was 8.1 ml stock + 1.9 ml PBS and the next layer was 6.8 ml stock +
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3.2 ml PBS. The sample pellet was then resuspended in 3 ml of a 5.5 ml stock + 4.5 ml

PBS (without Ca and Mg) solution which then formed the third layer of the gradient.

The gradient was then spun in the centrifuge (720xg for 20 minutes) which formed three

layers; the bottom layer was red blood cells, the second layer was polymorphonuclear

neutrophils (PMNs), and the third layer was the desired layer of PBMCs. The PBMCs

were carefully transferred to a clean 50 ml falcon tube and topped up to 40 ml with PBS,

spun in the centrifuge (230xg for 6 minutes) and resuspended in PBS. A cell count was

then carried out using a hemocytometer before plating cells.

2.2 Culturing Monocyte Derived Macrophages (MDMs)

from PBMCs

The PBMCs were plated onto coverslips in 24 well plates. They were plated out at

a concentration of 2.5x106 cells/coverslip and cultured in complete media (RPMI con-

taining 10% low lipopolysaccharide (LPS) fetal calf serum (FCS)) in an incubator at

37� C with 5% carbon dioxide (CO2). They were cultured for 14 days to di�erentiate

into monocyte derived macrophages (MDMs) with media changed twice per week to

provide adherent cells with increased cytoplasmic to nuclear ratio versus PBMC.

2.3 Macrophage Bacterial Internalisation with Strepto-

coccus pneumoniae

After 14 days of culturing the cells bacterial challenge was carried out.S. pneumoniae

were �rst opsonised with pooled immune sera from healthy volunteers vaccinated with

the 13-valent protein conjugate pneumococcal vaccine (PCV13) - 450� l RPMI + 50 � l

immune sera, shaking for 30 minutes at 37� C. Opsonisation is where the bacteria are

coated with antibodies that enhance phagocytosis of this bacterium and to oppose the

inhibitory e�ect of the polysaccharide capsule [69]. The bacteria were then washed

three times with PBS. The MDMs were also washed two times with PBS and replaced

with 1 ml of complete media. The bacteria were then added to the wells at a multiplicity
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of infection (MOI) of 10 (i.e. 2x105 MDMs/well receive 2x106 bacteria/well).

The macrophages were put on ice for 1 hour to promote adherence and then trans-

ferred to the incubator at 37� C and 5% CO2 for 3 hours. Depending what time point

after bacterial challenge was to be observed, the macrophages were then either washed

with PBS and returned to the incubator for the required amount of time or washed

and labelled straight away for imaging. Mock infected cells were not challenged with

bacteria but the same procedure of putting them on ice for 1 hour, transferring to the

incubator for 3 hours, then washing with PBS and either returning to the incubator or

labelling straight away was followed as a control.

2.4 Macrophage Bacterial Internalisation with Staphylo-

coccus aureus

Separate MDM samples were also challenged withS. aureus. The bacteria were washed

twice with PBS. MDMs were also washed twice with PBS and replaced with 1 ml of

complete media. The bacteria were added to the wells at an MOI of 10. The MDMs

were then placed within an incubator at 37� C and 5% CO2 for 4 hours. They were

then subsequently washed with PBS and labelled for microscopy.

2.5 Macrophage Fluorescent Labelling for Microscopy

The outer membranes of MDM mitochondria were labelled for 
uorescence microscopy

using immunolabelling after �xing the MDMs with 2% paraformaldehyde (PFA). After

�xing, the cells were permeabilised using 50 mM ammonium chloride (NH4Cl) with

0.1% triton-x-100, to allow antibodies to pass into them, and then blocked with a

blocking solution (0.2% gelatin, 0.02% sodium azide and 0.01% triton-x-100 in PBS)

to reduce non-speci�c antibody binding. The blocking solution was replaced with the

primary antibody, rabbit anti-TOMM20 (1:500 dilution in the above blocking solution)

for 1 hour at room temperature. The primary antibody can also be incubated overnight

at 4� C with good results. The primary antibody solution was then replaced with
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the secondary antibody, either goat anti-rabbit Alexa Fluor 488 or goat anti-rabbit

ATTO647N (both 1:1000 dilution in the above blocking solution), also for 1 hour at

room temperature. The coverslips were then washed three times with the blocking

solution and, only if ending the labelling protocol at this stage, twice with PBS before

washing quickly in distilled water and mounting onto microscope slides using ProLong

Diamond. Figure 2.1(a) shows a mock infected MDM sample where mitochondria are

labelled with Alexa Fluor 488.

If also labelling internalised S. pneumoniae, or S. aureus, and MDM nuclei, after

�xing the MDMs with 2% PFA and labelling the mitochondria as above if required, the

DNA probe DRAQ5 was used. As it is a membrane permeable dye, permeabilisation of

the MDMs before use is not required, and so if using alone without the mitochondrial

labelling stage above, the permeabilisation step can be skipped. DRAQ5 was used at

a dilution of 1:1000 in PBS for 12 minutes at room temperature, then washed three

times with PBS and quickly washed in distilled water before mounting the coverslips

onto microscope slides with ProLong Diamond. Figure 2.1(b) showsS. pneumoniae

and nuclear staining 16 hours after bacterial internalisation of MDMs.

(a) (b)

Figure 2.1: (a) Mock infected MDM where mitochondria are labelled with Alexa Fluor 488. (b) MDM
nuclei and S. pneumoniae bacteria, 16 hours after challenge, labelled with DRAQ5. White arrows
indicate clusters of S. pneumoniae and the red arrow indicates an apoptotic nucleus. Images acquired
using a Leica SP5 confocal microscope.
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Early Adaptive Optics,

Computational Super-Resolution

and Phase Imaging Studies

3.1 Introduction

In the previous chapter I discussed the challenges posed with spatial and temporal

resolution when imaging mROS in macrophages, particularly when correlating mROS

dynamics and location with speci�c macrophage host responses. This chapter will in-

clude initial imaging studies using a range of di�erent microscopy techniques, including

computational super-resolution microscopy using the Super-Resolution Radial Fluctu-

ations (SRRF) algorithm, adaptive optics (AO) enhanced confocal microscopy, and

quantitative phase imaging (QPI) based on the Transport of Intensity Equation (TIE)

to begin addressing the challenges.

3.1.1 Review of Super-Resolution Techniques

Introduction to Super-Resolution Microscopy

For accurate localization of subcellular features in macrophages, imaging studies require

high spatial resolution. The resolution of standard microscopy techniques like wide�eld
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and confocal 
uorescence is limited by di�raction theory, where the resolution is typ-

ically around half of the excitation wavelength. For visible light, the di�raction limit

means that features either smaller, or closer together, than� 200 nm cannot be un-

ambiguously discriminated. Therefore conventional/traditional microscopy techniques

may not be able to distinguish and localize individual pneumococci from mitochon-

dria within macrophages, or be able to accurately represent the complex mitochondrial

network.

Methods like deconvolution can help to increase image contrast and resolution in

di�raction limited systems. Objective lenses collect only a fraction of the light from an

object over a certain range of angles, de�ned by the numerical aperture (NA) of the

objective lens:

NA = nsin� (3.1)

where n is the refractive index of the medium between the sample and the front

element of the objective lens, and� is the maximum half-angle of the cone of light

which can be collected by the objective lens. An objective lens is unable to focus light

collected from a point object down to an in�nitely small point. Instead, interference

occurs at the focal point, producing a three dimensional di�raction pattern of the point

object, known as the point spread function (PSF). The width of the PSF determines

the resolution of the microscope and it is this width which is limited by di�raction

theory. An image produced by a microscope of an extended sample is therefore a

convolution of the real object with the PSF. Deconvolution is a method of reversing

the convolution process to retrieve the object information. It typically relies on either

assumptions about the PSF based on optical theory for the speci�c microscope or

acquiring a calibration image of the PSF. Deconvolution is used in both wide�eld and

confocal microscopy to improve the contrast and �ne detail observable in images [70].

Further improvements in imaging resolution have been obtained in the past cou-

ple of decades with the advent of \super-resolution" microscopy imaging techniques.

Super-resolution techniques overcome the di�raction limit to achieve resolutions capa-
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ble of imaging the 10� 100 nm length scale. Super-resolution techniques include Stimu-

lated Emission Depletion (STED) microscopy [71], Structured Illumination Microscopy

(SIM) [72], and Single-Molecule Localization Microscopy (SMLM) methods such as

Photoactivated Localization Microscopy (PALM) [73] and Stochastic Optical Recon-

struction Microscopy (STORM) [74], among others. I concentrate here on STED and

PALM/STORM as they are most relevant to this research project.

STED microscopy achieves resolutions down to� 50 nm [75] using a modi�ed scan-

ning confocal con�guration. The main principle of STED microscopy is to use the

process of stimulated emission to reduce the spatial extent of the emission PSF. STED

microscopy is achieved through the combination of the standard confocal excitation

laser beam with a second laser beam, known as the depletion beam. The depletion

beam is co-aligned to the excitation beam and uses a structured focal volume that

places a zero of intensity at the same position as the maximum intensity of the excita-

tion beam. This structured focus is generated by placing an optical phase modulating

element in the depletion beam path - self interference of the depletion beam means

that destructive interference results in the required intensity minima. The depletion

beam forces 
uorophores to emit via stimulated emission. Fluorophores at the deple-

tion beam minima will still emit via spontaneous emission from the confocal excitation

laser. As the stimulated emission photons will have a di�erent wavelength to the spon-

taneous emission photons, the stimulated emission can be �ltered out. This e�ectively

\turns o�" those 
uorophores as observed by the detector, successfully reducing the

emission PSF to a volume near the zero intensity region at the centre of the depletion

laser beam pro�le. The increase in resolution obtained is proportional to the square of

the depletion beam intensity [76].

As mentioned, the increase in resolution obtained by STED comes from spectrally

separating the spontaneous emission from the stimulated emission. STED can be im-

plemented with either continuous wave (CW) lasers or pulsed lasers. In pulsed STED,

the excitation and depletion pulses are tightly controlled so that the depletion pulse oc-

curs immediately after the excitation pulse [77]. Time-gated STED can also be used to

improve detection using time-correlated single photon counting (TCSPC) electronics.
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The depletion beam will not perfectly cause stimulated emission in all 
uorophores,

especially close to the minimum intensity region at the centre of the beam. The 
u-

orescence lifetime of the 
uorophores will however di�er to those una�ected by the

depletion beam at the centre. Therefore by tuning the photon detector to only detect

photons after a certain time, based on the lifetime, improves resolution further.

The basis behind SMLM techniques like PALM and STORM is to employ the use

of photoactivatable, photoconvertible or photoswitchable 
uorophores [78] to map the


uorophore density. The PSF of each individual 
uorophore is di�raction limited,

however as long as the PSF of one 
uorophore does not overlap with another, the

centre of mass of the PSF can be used to accurately localize the 
uorophore. Using

photoactivatable, photoconvertible or photoswitchable 
uorophores allows subsets of


uorophores in the sample to be stochastically activated, thus reducing their density

in the image frame, balancing the desire to have multiple 
uorophores present in each

image frame with the requirement that there is a low probability that any bright spot

in the image is due to > 1 emitter. Capturing a series of image frames of di�erent

subsets of 
uorophores allows a full super-resolution image of the sample to be built

up. The number of frames required can be> 10k, thus there is a high data storage

and processing time overhead. The main di�erence between PALM and STORM is

the types of 
uorophores used. PALM uses genetically expressed 
uorophores, whereas

STORM uses 
uorescent dyes and immunolabelling of photoswitchable 
uorophores

[78].

Further information on the super-resolution techniques mentioned above can be

found in the review by Leung and Chou [79]. I have highlighted these super-resolution

methods as a basis to discuss their limitations when it comes to live cell imaging of

macrophages in particular and where they could be problematic for our macrophage

studies. Culley et al. [75] also discusses some of the following challenges when it comes

to live cell microscopy in general. Although STED microscopy can achieve resolutions

down to tens of nanometers, the technique requires very high depletion beam intensities

(on the order of GW/cm 2 [75]). Laser intensities of this magnitude can cause phototoxic

e�ects on live biological samples. Therefore STED microscopy could lead to detrimental
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e�ects on the speci�c immunological responses that we want to study in macrophages,

such as the generation of mROS and mitochondrial dynamics. As STED microscopy is

also based on confocal laser scanning microscopy, the speed of scanning equipment will

determine the temporal resolution available for imaging fast dynamic processes within

the cells.

Like STED, PALM and STORM can achieve resolutions on the order of tens

of nanometers, and although SMLM techniques use lower excitation intensities (1-

20kW/cm 2 [10]), illumination can still be phototoxic. STORM in particular can in-

clude the use of toxic bu�ers which are used to induce 
uorophore photoswitching [78].

Again, toxic e�ects could have detrimental consequences when the aim is to image

speci�c cellular processes within the macrophages.

Super-Resolution Radial Fluctuations (SRRF)

Since the development of the super-resolution techniques mentioned above, there have

been developments made in addressing some of the concerns when it comes to applying

them to live cell imaging. One notable image processing technique which has emerged

is the Super-Resolution Radial Fluctuations (SRRF) algorithm originally published by

Gustafssonet al. [10] which is provided as an easy to use ImageJ/Fiji plugin [80, 81].

The algorithm was developed as an alternative to conventional SMLM reconstruction

techniques to allow lower excitation intensities to be used when acquiring image data.

As discussed, traditional PALM and STORM reconstruction techniques require non

overlapping PSFs in order to localize the 
uorophores, which relies on high phototoxic

laser intensities. Lower laser intensities will result in higher density images [75]. To

distinguish the overlapping PSFs from one another in the low excitation intensity case,

instead of localizing 
uorophores using centre of mass, SRRF measures \radiality",

which the authors de�ne as the degree of local gradient convergence [10].

The SRRF algorithm comprises of two analysis steps: spatial analysis followed by

temporal analysis. SRRF requires at least 100 raw image frames to be acquired of

the desired sample plane [10]. During spatial analysis a radiality map of each image

frame is produced. The concept of radiality emerges from the fact that the microscope
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PSF has a radial symmetry [75] that comes from using circular lenses. To generate the

radiality map for each frame, the local intensity gradient vectors are measured on a

subpixel basis along with the degree of convergence of each vector [75]. The radiality

map of each image frame maps the degree of convergence. This allows 
uorophores to

be localized as their local convergence will be signi�cantly higher than the background

[10]. The second step to the algorithm, temporal analysis, utilises all radiality maps

generated to reconstruct the computational super-resolution image. Radiality peaks

can also occur from noise in the data, however these will not be correlated in time, and

so temporal correlation of the radiality maps is used to remove them from the �nal

image [10]. The supplemental information in Gustafssonet al. [10] provides detailed

information about the spatial analysis algorithm along with various types of temporal

analysis methods available in the software plugin.

Gustafssonet al. [10] used SRRF for imaging actin cortex dynamics in Jurkat T cells

during immunological synapse formation. Actin density is inhomogeneous across the

synapse, where denser regions present challenges for localizing individual 
uorophores

by conventional SMLM methods. They showed that SRRF is able to resolve the

actin structure below the di�raction limit. The mitochondrial network in macrophages

presents a similar imaging challenge. From �gure 2.1(a) it can be seen that the mito-

chondrial network can be much denser in the vicinity of the nucleus. When setting up

imaging parameters such as illumination intensity, it is di�cult to get the right balance

between being able to detect the less dense mitochondrial network and not saturating

the denser regions on the camera/detector. The resulting SRRF reconstruction is in-

dependent of variations in 
uorophore brightness and the use of higher-order temporal

statistics notably improves reconstructions of dense 
uorophores and overlapping PSFs

[10]. Therefore, we carried out initial imaging studies of applying the SRRF algorithm

to image data of mitochondria in �xed macrophages from spinning disk confocal mi-

croscopy (section 3.3), laser scanning confocal microscopy (section 3.4) and wide�eld


uorescence microscopy (section 5.3.4) to determine if the algorithm could resolve the

mitochondrial network.
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Super-Resolution Quantitative Image Rating and Reporting of Error Loca-

tions (SQUIRREL)

Because SRRF is a computational technique there is the chance that image artifacts

could be present in the reconstructed image. Artifacts could occur from the algorithm

itself, or from errors in the raw data which carry on into the algorithm. We wanted

to know whether there were any artifacts created in our reconstructions for the data

sets noted above for parts of the images that we are particularly interested in. Culley

et al. [82] have developed an algorithm called super-resolution quantitative image rat-

ing and reporting of error locations (SQUIRREL) which compares a super-resolution

image with a di�raction limited image to analytically and quantitatively highlight po-

tential locations of errors in the super-resolution image. Like SRRF, the algorithm is

again provided as an easy to use ImageJ/Fiji plugin [80, 81]. I concentrate here on the

application of SQUIRREL to SRRF reconstructions, however Culley et al. [82] pro-

vide a discussion of its application to not only SRRF but also other super-resolution

techniques including STED, SIM and SMLM methods.

There are three steps to the SQUIRREL process: The �rst step is correction of spa-

tial o�sets between the the super-resolution image (in this case the SRRF image) and

the di�raction limited reference image (we use the �rst raw data frame acquired from

the SRRF data set). For comparison of the di�raction limited reference image with

the SRRF image, the second step is to scale the SRRF image to its di�raction limited

equivalent. This is carried out by convolution of the SRRF image with a resolution

scaling function (RSF) image. The RSF can be estimated using the plugin. Finally, the

SQUIRREL error map is the pixel wise absolute di�erence between the di�raction lim-

ited reference image and the resolution scaled SRRF image. The error map highlights

local scale errors. SQUIRREL also calculates two quality metrics between the di�rac-

tion limited reference image and the resolution scaled SRRF image on a global scale,

namely the resolution-scaled error (RSE), which is a root-mean-squared error, and the

resolution-scaled Pearson (RSP) coe�cient, which is a Pearson correlation coe�cient.

Full details of the SQUIRREL algorithm is presented in the supplemental information

of Culley et al. [82].

29



Chapter 3. Early Adaptive Optics, Computational Super-Resolution and Phase
Imaging Studies

Culley et al. [75] demonstrated SQUIRREL applied to SRRF reconstructions of

actin and mitochondria labelled within Bovine Pulmonary Artery Endothelial (BPAE)

cells. They demonstrate that the image acquisition parameters used for acquiring the

raw data for SRRF can a�ect the quality of the SRRF reconstruction, determined by

comparing the SQUIRREL error maps and the RSP values, and therefore SQUIRREL

can be used to optimise acquisition parameters. We have used SQUIRREL for initial

studies into the e�ects of image aberrations on SRRF reconstructions using adaptive

optics enhanced confocal microscopy (section 3.4). Information on aberrations and

adaptive optics is presented in section 3.1.2.

Fourier Ring Correlation (FRC)

The resolution measurement of super-resolution microscopy requires a di�erent ap-

proach to conventional di�raction limited microscopy methods. The theoretical reso-

lution obtainable by di�raction limited microscopy is usually de�ned by the imaging

optics, more speci�cally the wavelength of light, � , and the numerical aperture of the

objective lens, NA. The Abbe, Rayleigh and Sparrow resolution criterion all de�ne the

ability of the microscope to distinguish two Airy di�raction patterns produced by point

sources on the order of� /NA.

As super-resolution microscopy methods break the di�raction resolution limit using

techniques that extend further than the microscope optics (photo-physical and compu-

tational methods), calculation of the resolution must include more parameters than the

microscope optics alone. Factors such as labelling density, localization precision and

reconstruction algorithm used, amongst others, must also be taken into account. As

an alternative, Fourier Ring Correlation (FRC) is a method of calculating image reso-

lution based on the image data alone, using no prior information about the microscope

itself or acquisition parameters [83]. FRC is a global resolution measurement, based

on cross-correlation of two similar super-resolution images (only di�ering by the noise


oor) in the Fourier domain.

For application of FRC to SRRF reconstructions, the raw image time series is �rst

corrected for lateral drift using the NanoJ-Core [84] ImageJ/Fiji plugin [80, 81] and
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then split in half (we deinterleave odd and even frames [85]). A SRRF reconstruction

is then generated from each set. The two SRRF images are then Fourier transformed

for FRC analysis. The analysis provides an FRC curve, which is a plot of FRC vs

spatial frequency. Noise dominates the data at high spatial frequencies, whereas the

sample structure dominates at low spatial frequencies, therefore the FRC curve is� 1

at low spatial frequencies and tends to 0 at high spatial frequencies. The resolution is

typically determined as the spatial frequency where the FRC curve meets a threshold

of 1/7 [83]. We however use a half-bit threshold (where each pixel contains 1/2 bit of

information) which takes into account the di�erence in the number of pixels contained

in the Fourier-domain rings, from which the FRC curve is derived from, in the low and

high spatial frequency cases [85]. Moreover, as FRC is related to information theory

and not the speci�cations of the microscope, using a half-bit threshold is more logical.

Culley et al. [82] have shown that high FRC resolution values for super-resolution

images does not always result in low errors in the super-resolution image as quanti�ed

by SQUIRREL. Therefore we use both SQUIRREL, as mentioned before, and FRC to

assess the e�ect of aberrations on SRRF images. It is worth noting here that FRC has

a dependence on the signal to noise ratio of the images - cross-correlating an image to

itself will give a perfect correlation which would imply in�nite resolution. Therefore,

FRC has limitations when applied to images of samples which can achieve arbitrarily

high signal to noise ratios, such as nanodiamond which does not photobleach. The best

method of measuring spatial resolution in super-resolution images is still a current and

ongoing discussion within the microscopy community.

3.1.2 Adaptive Optics (AO)

One of the main imaging aims to address for our macrophage research was colocalization

studies between mitochondria, mROS and bacteria. A concern that we wanted to

investigate further was the detrimental e�ects that image aberrations could cause on

being able to accurately localize structures and molecules with respect to each other.
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AO Background

In this work we consider phase aberrations - distortions to the optical wavefront, where

there is no energy taken from the beams under consideration, but the phase errors

lead to e�ects on how the beam propagates and forms foci. There are a number of

potential sources of aberrations in microscopy [86]. Planar (�gure 3.1(a)) and spherical

(�gure 3.1(b)) wavefronts are good approximations for the best case wavefronts in

collimated and focusing beams respectively [87]. An objective lens will create a spherical

wavefront when a collimated beam is focused through it down to a di�raction limited

spot (�gure 3.1(b)). This �nite size can only be achieved if the wavefront does not

become distorted. However, when imaging thick biological samples, aberrations to the

ideal wavefront can occur due to refractive index variations (�gure 3.1(c)). Even if

these variations are small, they can add up over the propagation length. Aside from

the sample, optical components can have imperfections causing aberrations and using a

microscope outside of its design speci�cations can also be detrimental [88]. Aberrations

can cause broadening of the focal spot and reduced intensity and image contrast, which

would therefore cause large errors in localization measurements.

(a) (b) (c)

Figure 3.1: (a) Model of a plane wave. (b) Model of a non-aberrated spherical wave. (c) Model of
an aberrated spherical wave, where the only change was to modify the phase and not the amplitude.
These �gures were made by Dr Brian Patton.

Adaptive optics (AO) is an active way to correct for aberrations in an optical system

to improve image quality. AO has been used extensively in the �eld of astronomy for

decades, for example to correct for the phenomenon of twinkling stars, a distortion

caused by the atmosphere [87], and has since then been applied to the �eld of microscopy
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[88].

Aberrations can be described by a set of mathematical functions (modes). It is use-

ful for the functions to closely resemble the most common aberrations, such as spherical,

coma and astigmatism [89]. It is also desirable for the functions to be orthogonal to one

another, meaning there will be no crosstalk between them, allowing an aberration mode

to be corrected for without a�ecting previous corrections of other aberration modes. A

suitable set of functions that match both these properties are the Zernike polynomials

[89]. Assuming that the total aberration in the system is a linear superposition of the

individual aberration modes, which is generally the case, the total aberration in the

system can be corrected for by purposely introducing an aberration, identical to the

total aberration but with an opposite phase [86].

To perform an aberration correction three elements are generally required:

ˆ The description of the aberrations as a set of orthogonal modes.

ˆ A method of quantifying the amount of any given aberration mode in the system.

ˆ A control system, which includes an adaptive correction element and computing

hardware, to apply the phase conjugated aberration.

To quantify the amount of an aberration mode in the system, techniques are avail-

able which work in either a direct or indirect modality. Direct measurement techniques

measure the phase of the wave and give feedback to the adaptive element. The adaptive

element then alters itself to correct the aberration. Suitable methods include interfer-

ometric sensing or the use of a Shack-Hartmann wavefront sensor [90, 91]. It can

be di�cult to incorporate the hardware required for direct sensing into a microscope

optical system. Direct wavefront sensors are only able to measure well de�ned wave-

fronts originating from point sources. In microscopy, 
uorescent labelling of biological

structures results in a more complex sample which simultaneously produces di�erent

wavefronts from di�erent parts of the sample, which the wavefront sensor will not be

able to distinguish between [88]. Therefore, indirect wavefront sensing is more often

employed for AO correction. Instead of using a wavefront sensor, the correction routine
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is as follows (�gure 3.2(a)): a sequence of images is acquired each with an intentional

and known applied aberration. For each image, a quality metric is calculated, such

as image sharpness or image intensity. From this set of images, we can estimate the

amount of any given correction that will maximise the metric by plotting the quality

metric values measured vs applied aberration amplitude and creating a Gaussian �t (an

example is given in �gure 3.2(b)) [92]. The process is repeated for each type of aberra-

tion to be corrected for. Typically, a couple of iterations of the correction routine are

required to minimise any crosstalk between the aberration modes as in practice they

will not be perfectly orthogonal to one another. When imaging deep into tissue where

aberrations are stronger �ve to six iterations may be required - crosstalk will not be as

apparent with smaller aberrations. The total phase correction is then applied to the

adaptive correction element before acquiring corrected imaging data.

(a)

(b)

Figure 3.2: (a) Flowchart of the indirect (sensorless) adaptive optics aberration correction routine.
(b) Example quality metric �tting for coma aberration. Three images were acquired (red dots) with
varying amplitudes of coma applied using the adaptive correction element. The quality metric was
calculated for each image and the plot shows the metric values vs coma amplitude applied. Using a
Gaussian �t, the metric curve peak is found, which gives the optimal aberration amplitude to apply to
the adaptive correction element (green dot). (b) is reprinted with permission from [92] © The Optical
Society.

Options for the adaptive correction element for microscopy based work include both

spatial light modulators (SLMs) and deformable mirrors (DMs). Each pixel of an SLM
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is a liquid crystal element and when a voltage is applied the direction of the liquid crystal

changes, altering the optical path length within each element. This change imparts a

phase shift on the light which passes through the elements [93]. A DM has an array

of actuators behind its surface to control the shape of the mirror. There are numerous

types of DMs that employ di�erent actuator technologies. However, like SLMs they

all operate on the principle that altering the surface of the DM modi�es the optical

path length of the re
ected wavefront, varying its phase. The adaptive element chosen

depends on the speci�c application and various factors. Di�erences include speed of

recon�guration; DMs can operate at a rate of a few kilohertz whereas this is only a

few tens of hertz for SLMs. On the other hand, SLMs are capable of producing more

complex phase patterns due to the larger number of pixels compared to the number of

actuators on a DM [86]. SLM phase patterns are also designed for speci�c wavelengths,

meaning they are not suitable for multicolour 
uorescence microscopy, and are also

designed for speci�c polarisation states, meaning in 
uorescence microscopy the signal

would be halved. However, the latter is not a problem for STED microscopy as the

lasers are modi�ed to have a well de�ned polarisation which can be matched to the

SLM.

AO Enhanced Confocal Microscopy

Our research group have developed a custom AO enhanced confocal microscope, de-

signed primarily for exploiting the properties of nanodiamond (ND) for magnetic �eld

sensing [94], particularly when imaging ND embedded in living tissue to minimise aber-

rations due to thick samples [95]. Dr Graeme Johnstone and Dr Brian Patton primarily

designed and constructed the original version of the microscope. I contributed to the

construction and alignment of the microscope and also used it for initial studies into the

e�ects of aberrations when imaging mitochondria in macrophages, which is discussed in

section 3.2. A schematic of the microscope design is shown in �gure 3.3. Note that the

schematic does not include every optical element and has been simpli�ed for illustration

as this thesis will not fully cover the microscope development.

The microscope design includes three excitation lasers (488 nm continuous wave,
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Figure 3.3: Schematic of our custom adaptive optics enhanced confocal microscope. Adapted from an
original schematic made by Dr Graeme Johnstone.

532 nm picosecond pulsed and 640 nm picosecond pulsed) and two single-photon avalanche

diode (SPAD) detectors for 
uorescence detection. The excitation laser wavelengths

were chosen to enable optical measurements on NDs and on other, conventional, 
uo-

rophores. Further information about ND 
uorescence is discussed in section 4.2. The

lasers are coupled into the system through dichroic mirrors as shown in �gure 3.3,

where the optical properties of the dichroic mirrors were chosen to allow the returning


uorescence emission from the sample to travel to the appropriate detector.

Dichroic mirror D separates the emission 
uorescence from the sample into two

detection paths by re
ecting wavelengths below 560 nm (green detection channel) and

transmitting wavelengths above this value (red detection channel). The 488 nm exci-

tation laser is coupled into the green detection channel and allows the use of green


uorescent protein (GFP) or Alexa Fluor 488 labelling of samples. As we couple all

light below 560 nm into this path, it is also where the 532 nm laser for exciting the

nitrogen-vacancy (NV) centres in nanodiamond must be placed. The red detection
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channel allows 
uorescence emission to be collected from samples labelled with, for

example, Atto647N, by excitation with the 640 nm laser.

The microscope operates in an upright con�guration and has the option of two

di�erent objective lenses, a 60x oil immersion lens with a numerical aperture (NA) of

1.35 or a 60x water immersion lens with a NA of 1. The microscope has a manual sample

stage and �ne control of the axial imaging position is achieved through controlling the

height of the objective lens compared to the sample using a PIFOC nanopositioner.

The PIFOC is a piezo-actuated z-scanner that attaches to the objective lens to control

its position and has a total movement range of 400� m. In closed loop operation the

PIFOC has an accuracy of approximately 5 nm. A DM was chosen as the adaptive

correction element as there are multiple excitation wavelengths in the system. Confocal

laser beam scanning is provided by a fast steering mirror (FSM), giving x and y axis

beam steering on a single mirror. The beamsplitter between dichroic mirror E and the

DM provides a wide�eld/bright�eld detection channel to be used with the white LED

which is positioned below the sample and I used this channel for TIE microscopy which

will be discussed in sections 3.1.3 and 3.5.

Interferometric Calibration of the DM

The DM must be calibrated to allow for optimal aberration correction. Generating

Zernike polynomial modes is achieved using control signals that correlate the desired

mirror surface deformation with the necessary combination of actuator displacements.

However, the relationship between the voltages applied to the actuators and the de-

formation of the mirror surface must �rst be determined as there is typically crosstalk

between adjacent actuators due to their coupling via the mirror surface. We use a

control matrix [96], which tabulates the required combination of actuator positions for

each Zernike mode which that mirror is capable of producing accurately. Note too that,

for a modal scheme, the total number of distinct modes will be less than or equal to the

degrees of freedom in the system, which is typically the number of actuators driving

the mirror.

Applying a unit signal to a single actuator gives the in
uence function of that
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actuator,  i , (the shape of the DM). The total aberration produced by the DM can

then be described by:

� (r; � ) =
NX

i =1

ci  i (r; � ) (3.2)

where N is the number of actuators and ci is the control signal for the i th actu-

ator [97]. As the DM will be controlled using a set of Zernike polynomial modes the

aberration can instead be expressed as:

� (r; � ) =
1X

i =1

ai Z i (r; � ) (3.3)

where ai is the coe�cient of the i th Zernike mode Z i (r; � ) [96]. The vector of

Zernike mode coe�cients, a, are related to the control signal vector, c, through the

linear transformation [96]:

a = Bc (3.4)

The inverse of this equation gives the control matrix, B y, allowing the coe�cients

of the Zernike modes to be speci�ed and the required control signals to be calculated

[96]:

c = B ya0 (3.5)

We used an interferometric method to determine the control matrix. The DM was

incorporated into one arm of a Michelson interferometer as illustrated in �gure 3.4. The

other arm of the interferometer, called the reference path, was altered to control the

number and orientation of the fringes in the interferogram viewed on the camera. The

phase introduced to the beam by the DM is encoded in the fringe pattern seen on the

camera. The number of fringes in the interferogram determines the spatial sampling

of the phase - you want to measure the phase at a higher spatial frequency than the

actuators. Orientating the fringes so they don't run parallel to the rows or columns

of actuators increases the change in the interference pattern as voltages are applied to
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the actuators which improves phase recovery. Using fringe pattern analysis and phase

unwrapping techniques, the full unwrapped phase information can be uncovered which

relates directly to the shape of the DM [96]. Dr Graeme Johnstone and Dr Brian Patton

built the Michelson interferometer into our custom confocal microscope in �gure 3.3 so

that the DM could be calibrated whilst positioned within the microscope.

Figure 3.4: Schematic of the deformable mirror incorporated into one arm of a Michelson interferometer.

The mirror in the reference path was adjusted until there were at least 4 fringes per

actuator and the fringes were tilted across the surface. A reference image of the DM

was taken, as in �gure 3.5(a), which was used to determine which region of the DM

corresponded to the image of the back focal plane of the objective, �gure 3.5(b). The

yellow circle in each image in �gure 3.5 indicates this region. The original DM used in

this work was from Boston Micromachines Corporation and had 140 actuators. Five

di�erent control signals were applied to each of the 140 actuators in turn and the in
u-

ence function was measured for each actuator. Fringe analysis and phase unwrapping

allowed the matrix B to be determined from the calibration data set. Singular-value

decomposition (SVD) was used to invert the matrix to obtain B y. Various di�erent

Zernike modes could then be applied, where the required control voltages were deter-

mined using B y. Figure 3.5(c) shows the change in interference pattern when a trefoil

aberration was applied.

I carried out this initial calibration, and the MATLAB code I used for fringe analysis
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(a) (b)

(c)

Figure 3.5: (a) Reference image for DM calibration. (b) Image of the back focal plane of the objective.
(c) Trefoil aberration applied using the required control voltages determined by B y .

and phase unwrapping was developed by Dr Jacopo Antonello, who at the time was

part of the Dynamic Optics and Photonics group at the University of Oxford. Since

then there have been multiple iterations of the DM calibration. There have also been

upgrades and changes to the microscope design. First of all, due to the original Boston

Micromachines DM incurring faults with a number of the mirror actuators, the DM

needed to be replaced and the new one calibrated. The new and current DM is a Mirao

52-e DM with 52 actuators and was implemented and calibrated by both Ryan Corbyn

and Dr Brian Patton. Secondly, Ryan Corbyn and Dr Brian Patton also replaced

the Michelson interferometer in the microscope with a compact, slot-in interferometer

outlined in Antonello et al. [98] so that the interferometer can be easily inserted into

the microscope only when required.
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3.1.3 Transport of Intensity Equation (TIE)

As discussed in section 1.5 mROS have a very short half-life and are quickly neutralised.

Therefore it is important to be able to image mROS live with high temporal resolution,

especially when trying to localize mROS in relation to mitochondria and bacteria within

the macrophages. A second challenge arises when combining imaging mROS over short

time scales with the fact that the response of macrophages to pneumococcal bacteria is

over a period of 16+ hours. Therefore not only is live cell imaging required for imaging

fast dynamic processes within the cells but it must also be carried out over long periods

of time to determine at what time points mitochondrial dynamics and mROS play a

key role in bacterial clearance.

Fluorescence microscopy has become the industry standard for imaging cellular

functions, as 
uorescently labelling structures of interest allows them to be imaged in

an isolated way with high signal to noise ratio. However, if imaging studies are to be

carried out over long periods of time, e�ects such as photobleaching and phototoxicity

can become signi�cant problems [99]. There are also concerns over whether labelling

a�ects cellular physiology [100]. Label-free microscopy techniques o�er an alternative to


uorescence microscopy in some situations. Not only do label-free techniques mitigate

the aforementioned problems of photobleaching and phototoxicity, allowing for imaging

studies over a long time frame, but some can also provide quantitative information not

achievable from 
uorescence microscopy.

Bright�eld microscopy is the oldest label-free microscopy technique and simply in-

volves illuminating a sample with an excitation source and imaging the transmitted

light either onto a camera sensor or relaying the image plane to the human eye via an

eyepiece for direct viewing. Biological samples however, can often have very low absorp-

tion and as a consequence appear almost transparent when in focus in bright�eld if no

contrast agents are added. The samples will however induce phase changes to the light

passing through the sample and therefore there have been many imaging techniques

developed to enhance the contrast of label-free images based on phase changes. Zuo

et al. [101] provides a review of the di�erent techniques available, explaining that the

techniques are broadly split up into two di�erent categories: phase contrast microscopy
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and quantitative phase imaging (QPI). The former includes techniques such as Zernike

Phase Contrast (ZPC) microscopy and Di�erential Interference Contrast (DIC) mi-

croscopy. These methods however do not provide quantitative phase information. On

the other hand, QPI techniques not only increase image contrast but they do provide

quantitative phase information and allow refractive index di�erences across the sample

to be determined. Zuo et al. [101] follows on to explain that QPI techniques can be

either interferometric or non-interferometric based methods.

We concentrate here on a non-interferometric QPI method based on the Transport

of Intensity Equation (TIE). In section 3.5 I discuss early imaging studies we carried out

to determine how applicable TIE microscopy is to macrophage research and whether

there are quantitative refractive index di�erences between, for example, mitochondria

and bacteria which could provide an alternative to long term 
uorescence imaging. Also

in section 5.2 I show how this technique was implemented on a low-cost 3D printable

microscopy system. The remainder of the current section will discuss the background

of the TIE and explain how it can be used for QPI.

Teague �rst published the TIE in 1983 [102]. The TIE describes the relationship

between the change in intensity with respect to the axial position as light passes through

a sample,@I=@z, and the corresponding phase value� 0:

� k0
@I
@z

= r � (I 0r � 0) (3.6)

where k0 = (2 �=� ) is the wavenumber (� is the wavelength), I 0 is the intensity

of the in focus image plane, andr is the vector di�erential operator. Phase retrieval

using the TIE is an inverse problem and the imaging system that is required to achieve

QPI only requires bright�eld illumination of the sample, a method of accurately taking

images at di�erent z positions and a suitable camera. The wavelength of illumination

and thereforek0 is known, as isI 0 from the experimental in focus image of the sample.

The partial di�erential, @I=@z, can be experimentally estimated using a minimum of

two out of focus images spaced equally, �z, on either side of the focal plane:
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@I
@z

�
(I � z � I � � z)

2� z
(3.7)

Therefore � 0 is the only unknown and consequently the TIE can be solved for the

phase. To solve the equation, �rst an auxiliary function,  , is introduced to simplify

equation 3.6 into a Poisson equation. Teague [102] de�ned as:

r  = I 0r � 0 (3.8)

and therefore equation 3.6 becomes:

� k0
(I � z � I � � z)

2� z
= r 2 (3.9)

This simpli�cation allows the TIE to be quickly solved by Fast Fourier Transform

(FFT) to determine  which is then subsequently integrated to determine the phase

� 0. TIE microscopy has been used in the past to image isolated microtubules [11], the

morphology of macrophages during apoptosis and phagocytosis [103], and for deter-

mining optical path length (OPL) information in living algal cells [104]. Therefore TIE

posed as an interesting technique for our subcellular imaging studies in macrophages.

3.2 Initial Study of Aberration Correction of Confocal

Macrophage Images

As discussed in section 3.1.2, we wanted to investigate the e�ects of image aberrations

on macrophage colocalization studies. Aberrations can occur from the microscope op-

tics or from refractive index variations within the sample, which is a greater problem for

thick samples. In future, imaging studies of alveolar macrophages from bronchoalveolar

lavage (BAL) or tissue samples would be bene�cial. Therefore, we �rst wanted to assess

the e�ects of aberrations in imaging human MDM samples.

Whilst acquiring confocal microscopy images, from a commercial microscope, of a

mock infected MDM sample with labelled mitochondria and nuclei, we observed the

e�ects of spherical aberration when viewing the orthogonal planes of a z-stack data set
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(�gure 3.6). Spherical aberration is where rays transmitting through a lens at di�erent

distances from the optical axis do not all focus at the same focal point [105] due to the

range of angles being refracted at the spherical interface. Image degradation due to

spherical aberration is greater in the orthogonal planes versus the lateral image planes

due to the distortion of the PSF [106]. The resulting images have reduced intensity

and signal to noise ratio and elongation of features along the optical axis which gets

worse with focus depth [105].

Figure 3.6: Confocal image, from a z-stack acquired using an Andor Revolution XDi spinning disk
confocal microscope, of a mock infected human MDM sample with labelled mitochondria (Alexa Fluor
488) and nuclei (DRAQ5). The orthogonal planes from the z-stack are also shown where the magenta
arrow highlights mitochondria deeper in the sample with greater blurring and elongation, due to spher-
ical aberration, compared to those closer to the coverslip (yellow arrow).

This is exactly what we see in the orthogonal planes in �gure 3.6. The yellow

arrow points towards mitochondria closest to the coverslip where the mitochondria are

more likely to be orientated 
at along the bottom of the cell, appearing smaller in the

orthogonal plane compared to mitochondria further away from the coverslip (magenta

arrow), which have a greater chance of being orientated along the orthogonal plane,

thus appearing longer in the orthogonal image in any case without spherical aberration.

However looking at the distribution of blur around the mitochondria in the orthogonal
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