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Abstract
Understanding and identifying critical protein-protein interactions is just one of the key
outcomes in biological research. It can help to confirm key cellular interactions, which in
some fields, such as cancer research, can result in a greater understanding of disease
pathogenesis, elucidate mechanisms of therapeutic resistance and aid in the development of
new specific targets, leading to new methods of prevention and treatment. Time-correlated
single photon counting fluorescence lifetime imaging microscopy is just one of the tools used
to carry out this line of research. Here we demonstrate a direct interaction between two
proteins involved in gene regulation and expression; p21 and FMN2. Furthermore, we also
show the capability of this system to measure chromatin compaction in three dimensions.
However, fluorescence lifetime imaging has some drawbacks, acquisition times on such a
system can range from the tens of seconds to minutes, which is often too long to
comprehensively measure many biological events. But microscopy is always developing,
aided by new techniques and, perhaps even more so, new technological developments. This
thesis also demonstrates two new methods of light sheet microscopy, that use both new
equipment made available because of technological developments to allow time resolved
imaging and traditional microscopic aspects to form a light sheet system based on
polarisation. It outlines the design and how to build these systems and presents their function
to show their great promise.
Both techniques presented in this thesis utilise aspects of light not conventionally used in
light sheet microscopy. Further development of these systems and application of emerging
technologies will yield a system capable of outperforming current light sheet fluorescence
microscopy-based fluorescence lifetime imaging techniques. The implementation of
polarisation control into such a system would enable three-dimensional anisotropy based
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SPIM-FLIM measurements, an indispensable tool in researching molecular orientation and
mobility at a macroscopic level in developing organisms.
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Chapter 1
Introduction
Motivation and outline of this thesis
Microscopy is an essential tool in many areas of academia and industry where it is largely
used in quality control, industrial processes and research. Over the years, the term has
developed from a relatively simple optical technique into a plethora of modalities utilising
both electromagnetic and acoustic waves, electrons and scanning probes. Each modality is
best suited for a particular task, with their own technical implementations and limitations.
In academia, optical microscopy is widely used with research in biology and the fields
associated therein. Many biological discoveries have been made possible with the
development of optical microscopy techniques. This work will primarily be driven by the
association of microscopy and its use in the field of Gene Regulation and Expression (GRE),
though the techniques detailed can also be useful in other areas.
Fluorescence Lifetime Imaging Microscopy (FLIM) is a key tool in GRE as it allows
individual proteins or protein pairs to be probed and quantitatively investigated via a
mechanism called Förster Resonance Energy Transfer (FRET). FLIM-FRET is a major
application of FLIM microscopes, especially in protein-protein interactions at a micro- and
nano-scale. These interactions can be detected by the shortening of the fluorescence lifetime
of a donor molecule via non-radiative energy transfer, which occurs when two fluorophores
are in very close proximity indicating an interaction or conformation. Yet even with modern
technological advancements in the field, some limitations remain. These largely arise in one
of the most popular forms of FLIM-FRET imaging due to the prolonged time for acquisition
required to carry out thorough experiments. In this form, Time-Correlated Single Photon
Counting (TCSPC), acquisition times can range from the tens of second to minutes, which
can often be too long to measure some biological events.
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Chapter 2 will detail the theory behind this thesis. It will look at light and how its absorption
and scattering can be used to obtain image contrast. It will detail fluorescence, its application
and the principles involved in both fluorescence lifetime and light sheet microscopy
modalities, those utilised in this thesis. Other uses of fluorescence lifetime and light sheet
imaging will be outlined, as well as the technology involved and some already published
literature detailing methods using lifetime imaging in combination with light sheet.

Chapter 3 will delve into fluorescence lifetime imaging, using it as a means for contrast and
quantitative measurements. It will detail the steps taken to establish, maintain and investigate
a newly established cell line. It will demonstrate the use of a state-of-the-art TCSPC FLIMFRET confocal system to investigate this cell line and quantify the interaction between two
proteins, p21 and FMN2.
It will then go onto use the same state-of-the-art system to image and measure the complex
biological processes involved in chromatin condensation in three dimensions. In doing so
identifying and highlight some of the issues that arise when carrying out this type of complex
experiment.

From this Chapter 4 will explore an approach to overcome the limitations identified with
current TCSPC state-of-the-art. It will identify the potential of implementing lifetime into
light sheet microscopy using newly developed imaging sensors. It will explore some of the
challenges involved in this process as well as present the progress achieved with this new
system, including imaging samples on both a single cell basis and developed organism scale.

Further exploring light sheet microscopy, Chapter 5 will look at polarisation as a means of
contrast. It will detail the execution and results of a polarised light sheet system. In doing so
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it highlights the benefits of employing polarised optics in light sheet techniques. This in turn
provides an opportunity to integrate these optics into a lifetime-based system, enabling
fluorescence microscopy system implementing polarisation optics.

Chapter 6 will round off the entirety of the thesis, bringing together the outcomes from each
chapter, discussing them and giving weight to each outcome. This will highlight the success
of this work and give suggestions for future investigations, improvements and applications
which could arise from this thesis.
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Chapter 2
Background Theory
The work included in this thesis relies on several theoretical principles, with time-resolved
microscopy being the overarching technique used throughout. The fundamental principles
described in the chapters to follow will be outlined here. To start with the basic concepts of
light and fluorescence will be introduced, setting a foundation for a discussion of basic and
advanced microscopy techniques, their methodologies and technologies. This will allow
other aspects of light and advanced microscopy techniques to be discussed. In all, this theory
and background will provide the required understanding to interpret the impact of the work
contained herein.
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2.1

Absorption of light

It is well documented that light exhibits both the properties of a wave and a particle1,2. If we
consider light to be a particle, i.e. a photon, one of a few events may happen. Here we will
consider what happens when light interacts with matter and is absorbed, and what happens
when light interacts with matter and is scattered. Molecules and atoms have discrete energy
levels. These energy levels depend on several factors, including the vibrational, rotational and
electronic structure of the atom or molecule. If, for example, a molecule has an energy level
with energy equal to ∆𝐸#$ →#& , where s0 and s1 are the ground and first excited states
respectively, absorbs a photon, and the conditions for absorption are met such that:
ℎ𝑣 ≥ ∆𝐸#$ →#&

(2.1)

where hv represents the energy of the photon (hv = hc/λ, with λ the wavelength of light, c
the speed of light in a vacuum and h equal to Planck’s constant), then there is a chance this
molecule will promote an electron from the ground state, E0, to an excited state, E1(as
illustrated in Figure 2.1).

Figure 2.1 Absorption of a photon of light with energy E. This causes an electron to be excited from the ground state,
E0, to the excited state, E1.

These electrons are then described by this electronic state, but are further described by their
spin state, S. Spin is an intrinsic form of angular momentum that describes the energy, shape
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and orientation of electronic orbitals. S can be equal to either + 1-2 or − 1-2, also denoted
as spin-up or spin-down. The spin multiplicity of an electronic state is given as 2S+1, further
described in Figure 2.2. It describes the number of possible orientations of the spin angular
momentum. States with multiplicity of 1, 2, 3 are called singlets, doublets and triplets
respectively. Ordinarily a molecule occupied by 2 electrons in the highest occupied orbital
will be in its ground singlet state, as in Figure 2.2a. When excited this usually corresponds to
a transition to the first excited singlet state Figure 2.2b. Alternatively when excited the
molecule can undergo a transition to its triplet state, Figure 2.2c.

Figure 2.2 Spin states of electrons in singlet and triplet states. The direction of the arrows represents the orientation
for each electron as described by its spin quantum number with values of +½ or -½. (a) describes a singlet ground state,
where S=0, multiplicity = 1. (b) describes a singlet excited state, where S=0, multiplicity = 1. (c) describes a triplet excited
state, where S=1, multiplicity = 3.

A molecule cannot remain in an excited state indefinitely. Ultimately, it will undergo a
transition and return to the ground state. The main mechanisms by which this return occurs
are radiative and non-radiate decay processes3. The overall mechanism of luminescence from
photoexcitation can be further and more easily visualised by a Jablonski diagram as in Figure
2.3.
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Figure 2.3 Schematic of a Jablonski diagram showing excitation and relaxation pathways. S0, S1 and S2 represent
the ground, first and second excited singlet state respectively. T1 represents the first excited triplet state. IC – Internal
conversion, Si to Sj, non-radiative transition. ISC – Inter-system crossing, Si to Tj, non-radiative transition. VR – Vibrational
relaxation. The longer the arrow the more energetic the transition. The lowest vibrational energy level is represented by the
thicker line in each case. Rotational states are not shown for clarity.

The Jablonksi diagram shows the possible excitation and relaxation routes. Each of the
radiative and non-radiative transitions has an expected timescale, a summary of which can
be found in Table 2.1. However, these decay rates can be affected by environmental
conditions and proximity to neighbouring molecules. These factors dictate the path of deexcitation from an excited state and provide a wealth of information about the molecular
environment.
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Process

Transition Timescale (s)

Excitation
Internal Conversion
Vibrational Relaxation
Inter-system Crossing
Fluorescence
Phosphorescence

S0 → S2
S2 → S1
Sn* → Sn-1
S1 → T1
S1 → S0
T 1 → S0
S1 → S0
T 1 → S0

Non-Radiative Decay

ca. 10-15 (instantaneous)
10-14 to 10-11
10-12 to 10-10
10-11 to 10-6
10-9 to 10-6
10-3 to 100
10-7 to 10-5
10-3 to 100

Table 2.1 Timescale of the processes involved in Absorption and Emission. Timescales are representative of the
process shown in Figure 2.3. Sn is the electronic state of the molecule. Sn* being the vibrational state of the S1 electronic
state. S0, S1 and S2 represent the ground, first and second excited singlet state respectively. T1 represents the first excited
triplet state.

2.1.1

Radiative decay

Radiative decay is the relaxation of a molecule from an excited state to a lower energy state
with the emission of a photon. The first of these radiative processes is fluorescence. It was
first documented by Herschel in 18454. Presently it is a largely understood and utilised
process. As a rule, molecules will return to the ground state via the fastest mechanism,
therefore fluorescence will be observed only if it is preferential to a combined relaxation of
vibrational and internal conversion (more efficient forms of non-radiative decay). Because
of fluorescence electrons may return to a vibrational level of the lower excited state, resulting
in a range of energies of radiated photons. The photons emitted will generally be of lower
energy, and thus higher wavelength, due to losses in energy from non-radiative relaxation or
conversion to another state, than the absorbed wavelength, resulting in a red-shifted photon
being emitted (Figure 2.4).
ℎ𝑣/ > ℎ𝑣1 𝑜𝑟 𝜆/ > 𝜆1
This phenomenon is known as the Stoke’s shift5.

(2.2)
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Figure 2.4 Schematic representing the Stokes shift. The Stoke’s shift is the difference between the maxima of the
absorption (blue) and emission (red)spectra of the same electronic transition.

Alternatively, when a molecule is excited to a triplet state a transition to the ground state is
forbidden according to quantum mechanics. This triplet state exists for a much longer time
and returns to the ground state through phosphorescence, though this phenomenon is not
considered in detail for the remainder of this work.

2.1.2

Non-radiative decay

As with radiative decay, non-radiative decay also occurs in many forms. Some of the primary
forms of non-radiative decay come from vibrational relaxation, internal conversion and intersystem crossing. Vibrational relaxation is experienced when an excited molecule moves to a
lower vibrational energy level within the same electronic state. Here, the molecule loses
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energy to its surroundings and is an efficient, and hence extremely rapid regime, such that
the decay occurs over a period of pico-seconds.
Internal conversion is another non-radiative form of decay. Here an electron moves from a
higher to a lower electronic state without emitting a photon6. This is allowed when two
electronic states are close enough that their vibrational states overlap. This is more efficient
than other forms of relaxation, the energy is given off through vibrational relaxations.
A third means of non-radiative decay is inter-system crossing. Like internal conversion it
occurs when two electronic states are close enough that their vibrational states overlap. It
differs from internal conversion as the spin multiplicity of the molecule changes from a
singlet to a triplet state. All these processes are shown in the Jablonski diagram, Figure 2.3.
The key non-radiative decay process for this work is called Förster Resonance Energy
Transfer (FRET). In 1948 Theodor Förster7,8 postulated FRET as a theory to describe a
distance dependent phenomenon whereby energy transfer occurs between a donor molecule
in the excited state and a neighbouring acceptor molecule in the ground state via long range
dipole-dipole interactions9. Contrary to the other non-radiative decays FRET occurs when
the emission spectrum of the donor fluorophore overlaps with the excitation spectrum of
the acceptor fluorophore when in close proximity. FRET can only occur under certain
conditions, as visualised in Figure 2.5. First, there must be sufficient spectral overlap of the
donor and acceptor molecules, second the two molecules must be within a 1-10 nm
molecular separation and third the emission dipole of the donor and the receiving dipole of
the acceptor must be in the same orientation3.

11

Figure 2.5 Conditions required for FRET to occur. (a) Excitation and emission spectra of eGFP (donor) and mCherry
(acceptor) showing the spectral overlap, indicated by the hatched area, required for FRET. (b) Indicates that if the distance
between the two fluorophores is too great, i.e. greater than the FRET distance required FRET will not occur. (c) Shows
that if the dipoles are perpendicular to one another FRET will not occur.

The critical transfer distance, i.e. the distance where fluorescence and FRET are equally like
to occur is given by:
𝑅7 8 =

:777; < => ?@ /7
/1ABC DE FG

𝐽I

(2.3)

where R0 is the critical transfer distance, κ2 is the orientation factor, QD is the quantum yield
of the donor in the absence of the acceptor, NA is Avogadro’s number, n is the refractive
index of the medium and JF is the spectral overlap integral of the donor and acceptor. The
FRET efficiency is inversely proportional to the sixth power of the distance between the
donor and acceptor, which enforces the 10 nm maximum distance for FRET to occur and
enables FRET to be a ‘spectroscopic ruler’, far below the optical resolution of light
microscopy. Inevitably the occurrence of FRET will result in a quenching of the donor
molecule due to a lower number of available excited molecules for usual fluorescence. This
in turn means FRET can provide both spatial and temporal information of the ongoing
dynamics and interactions surrounding the donor molecule.
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2.2

Fluorophores

A fluorophore is a chemical compound capable of absorbing and re-emitting a photon of
light through fluorescence. Fluorophores are both common in nature, in proteins, peptides
and small organic compounds, and can be manufactured synthetically into fluorescent
polymers10,11. Fluorophores are commonly used in life sciences as a means of nondestructively investigating cellular processes, such as imaging naturally autofluorescent
molecules NADH, tryptophan or endogenous chlorophyll. Though these alone are not
always sufficient and exogenous fluorophores are often implemented into biological systems
to introduce contrast. To do this proteins, nucleic acids, lipids or small molecules can be
labelled with an extrinsic fluorophore, often through genetic modification to exhibit
fluorescence.
Green Fluorescent Protein (GFP) is perhaps one of the most commonly used fluorescent
species in cellular biology, which originates from the jellyfish Aequorea victoria12. Many
fluorescent proteins, including enhanced GFP (EGFP), are derived from it. Many other
fluorescent proteins have also been derived from GFP mutations to include colour mutants.
These variants include blue fluorescent proteins (BFP family), cyan fluorescent proteins
(CFP family), and yellow fluorescent proteins (YFP family). The variety of fluorescent
spectra made available by these proteins makes them invaluable in biological imaging13.
Many of these derivations are formed from a similar structure; with the structure of GFP
shown in Figure 2.6.
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Figure 2.6 Structure of GFP, derived and modelled from PDB ID 1GFL. The structure of GFP consists of a β-barrel
formed from eleven anti-parallel β-sheets surrounding the chromophore14.

Fluorescence microscopy commonly uses fluorophores that are excited and emit in the
visible spectrum. Likewise, this work primarily uses fluorescent species that fall in this range.
The most defining aspects of a fluorophore lie in its excitation and emission spectra, its
emission efficiency (or quantum yield, Q), its lifetime (τ) and its extinction coefficient. The
excitation spectrum of a molecule defines the range of wavelengths at which the molecule
will be excited from a lower energy state to an excited energy state. Similarly, the emission
spectrum represents the range of wavelengths that can be emitted from a molecule when it
relaxes from an excited state to a lower excited or ground state. The quantum yield dictates
the likelihood of a fluorophore decaying radiatively via fluorescence. As such Q is defined
based on the competition between the radiative and non-radiative elements for relaxation,
𝑄=K

KL
L MKNL
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= FO.QROSOF# XY#OZYTW

(2.4)
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where kr is the rate of fluorescence emission (radiative decay) and knr is the rate of nonradiative decay. It can range from 1, where all photons cause fluorescence, to 0, where
fluorescence does not occur.
The fluorescence lifetime is the average time an excited molecule remains in an excited state15,
and is defined as,
𝜏=K

/
L MKNL

(2.5)

The rate of radiative decay (kr) usually depends on the chemical structure of the fluorophore,
whereas the non-radiative element (knr) is highly dependent on the environment the molecule
is in. The fluorescent lifetime is a key aspect of some microscopy modalities, particularly
fluorescent lifetime imaging microscopy which will be discussed later, as it offers an
alternative means of contrast over intensity-based imaging.
The extinction coefficient represents how likely a molecule absorbs at a particular wavelength
and is governed by the Beer-Lambert law:
𝐼(𝑡) = 𝐼7 10ab(c)Sd

(2.6)

where I(t) is the light intensity through the thickness of absorber, ε is the molar extinction
coefficient at the wavelength, λ, and C is the concentration of the absorber.
A more complete review of these factors has been published by Giepmans et al16.

2.3

Scattering

Alternatively, instead of being absorbed, light can undergo instantaneous scattering when it
encounters an object. A common case is elastic scattering, where no energy is lost. It can
cause significant issues in imaging, both in the excitation and detection of photons. The final
image may be significantly affected if scattered photons fall on the detector appearing to
have come from the focus. The size of the object, with respect to the wavelength of light,
encountered can determine the type of scattering event that occur. Light interacting with a
large object will be subject to geometrical scattering. Smaller objects, in the range of the
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wavelength of light will be subject to Mie scattering, while small objects, much smaller than
the wavelength of light will be affected by Rayleigh scattering. Mie scattering is largely
forward throwing, while Rayleigh scattering can be highly side throwing and dependent on
wavelength, as demonstrated in Figure 2.7.

Figure 2.7 Angular dependence on scatter. (a) demonstrates geometrical scattering off a large object. (b) demonstrates
a representative Mie angular scattering function when light interacts with an abject of approximately the same size. (c)
demonstrates a representative Rayleigh angular scattering function when light interacts with an abject of a much smaller
size.

2.3.1

Polarisation

The lifetime of a fluorophore can be a key contrast agent that is derived from an absorbed
photon. It can be used to differentiate between spectrally similar substances and offers
contrast when investigating phenomenon such as FRET where the contrast is observed from
the same fluorescent species. One of the key identifiers of singly or multiply scattered
photons is polarisation which can also be used to provide contrast from a scattered photon.
To visualise polarisation, one must first consider light to be an electromagnetic wave with
both electric, E, and magnetic, B, fields oscillating orthogonally to one another, Figure 2.8.
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Figure 2.8 Light as an electromagnetic wave with an electric field E and a magnetic field B.

A white light source, such as the sun, will contain a multitude of these waves travelling
together at arbitrary angles, in the form of unpolarised light. Many laser sources in
microscopy provide polarised outputs which can be useful in some advanced imaging
techniques17, though unpolarised light can be filtered to become polarised in a single plane,
as in Figure 2.9.
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Figure 2.9 Linear polarisation of unpolarised light.

As this polarised light interacts with an object it is scattered. With an increasing number of
scattering events the degree of polarisation is reduced, until the light is depolarised with equal
contributions of parallel and perpendicular polarisation, as per Figure 2.10.

Figure 2.10 Depolarisation decay as a function of thickness of an arbitrary medium. Fit with theoretical exponential
decay and R-value of 0.96518 (with permission).
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When imaging, it is possible to employ an analyser in front of the detector and utilise the
decay of polarisation to create another form of contrast19. This is done by recording an image
with the analyser set in both the parallel and perpendicular orientations. These two images
can then be used to measure the polarisation as follows:
f

af

𝑃 = fghL MfgiL
ghL

giL

(2.7)

where P is the polarisation, Ipar is the parallel intensity, and Iper is the perpendicular intensity.
Polarisation can also be used in fluorescence-based techniques, and is indicative of the
binding state and microenvironment a molecule is in. It is also calculated as per equation 2.7
and is a measure of the rotation of a fluorescence molecule from excitation to emission.
Anisotropy, r, is another term representing the degree of polarised emission, given by:
f
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(2.8)

Where r is anisotropy, Ipar is the parallel intensity, and Iper is the perpendicular intensity.
Fluorescence polarisation and anisotropy differ by the presence of a second perpendicular
intensity term in the denominator. This definition of anisotropy takes the second possible
perpendicular emission plane, alone the axis of propagation, into account. Anisotropy better
defines the physical basis of polarisation in fluorescence as it considers all contributions from
each degree of rotational freedom.

2.4

Optical microscopy

Optical microscopy is a key technique employed throughout this thesis. Epifluorescence,
confocal and light sheet microscopy have been utilised through-out and so the theory to
follow will allow full appreciation of the results.

19
2.4.1

Epifluorescence microscopy

Epifluorescence microscopy uses a fluorescence microscope, a conventional compound or
inverted microscope, equipped with a high-intensity broadband light source. The technique
relies on episcopic (reflected) light from the sample, in contrast to diascopic (transmitted)
light as illustrated in Figure 2.11. This allows the use of a singular objective for both
illuminating the sample and collecting the emitted fluorescence.

Figure 2.11 Schematic illustrating the operation of a conventional epifluorescence microscope.

In order to achieve uniform illumination the light source is generally delivered to the sample
using a Köhler configuration20. The incident light is selected by an excitation filter and imaged
onto the back focal plane of the objective and onto the sample. The dichroic mirror is
selected to reflect any unwanted light and transmit within the chosen waveband. However,
with a wide-field microscope such as this, the entire sample is exposed. This results in
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fluorescence through the sample instead of just on the focal plane. In turn, when imaged at
the detector the image is composed of light above and below the focal plane superimposed
onto one image. The final image will be less than ideal, containing a high noise level and a
dramatically decreased signal to noise ratio with decreased spatial resolution. However, this
issue can be somewhat overcome by using an optical sectioning technique.

2.4.2

Confocal microscopy

One such optical sectioning technique is confocal microscopy. It employs a simple but
effective solution to remove the out of focus light. In a basic confocal set-up, the light source,
usually a high-quality laser source, is focused into a diffraction limited spot. A pair of
confocal pinholes are then employed in front of the light source and the system’s detector
(typically a photomultiplier), hence spatially filtering the unwanted out-of-focus light21, as in
Figure 2.12. To create an image either the beam or the sample is raster scanned to generate
an array of pixel values, ultimately forming the image.
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Figure 2.12 Schematic illustrating the working principle of a confocal system.

This still leaves portions of the sample being illuminated unnecessarily as no additional
information is gained by the sample illuminated outwith the focal spot. The out of focus light

22
can be reduced by utilising a multiphoton illumination source22–24, somewhat negating the
need for pinholes. Two-photon microscopy, a form of multiphoton microscopy, uses the
principle of two-photon absorption to excite fluorescent labels. In this case fluorophores are
excited with a wavelength double that of its excitation wavelength, as in Figure 2.13.

Figure 2.13 Schematic demonstrating two-photon excitation. With single-photon excitation the molecule will be
excited from the ground state S0 to an excited state Si by a single photon. With two-photon excitation, two photons, twice
the wavelength of the emitted fluorescence (return from S1 to S0), are required to cause excitation to the excited state.

Two-photon excitation depends on the simultaneous absorption of two photons, resulting
in fluorescence varying with the square of the excitation intensity25. Meaning in practice a
higher laser intensity is required to carry out fluorescence imaging. However, this also leads
to one of the major advantages of two-photon techniques, whereby excitation is limited to
the focal spot of the system.
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2.4.3

Light sheet microscopy

Traditional microscopies illuminate and detect in the same plane as in sections 2.4.1 and
2.4.2, though other conventions also exist. The ultramicroscope26 and the later developed
light sheet technique27 are alternative optical sectioning microscopy techniques. In these
techniques, a sheet of light is used to illuminate a sample, which is then observed
orthogonally, as demonstrated in Figure 2.14, and is a technique that has gained interest in
recent years28.

Figure 2.14 Three-dimensional rendering of the principle of light sheet imaging.

In this instance, there is no excitation outside the focal plane. Imaging is carried out
orthogonally allowing the entire plane to be imaged. This allows for several inherent benefits.
Only the fluorophores in the illumination plane are excited, in turn they are the only
fluorophores detected negating any out of focus light. Due to the nature of the light sheet
itself the sample is automatically sectioned if either the sample is scanned through the light
sheet or the light sheet is swept through the sample29–31. This results in an increased signal to
noise from the reduced background. As a wide-field technique image acquisition is much
faster than comparative confocal techniques32. It also yields better isotropic resolution and a
larger field of view compared to scanning techniques, as the axial resolution is derived from
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the light sheet thickness, not the numerical aperture of the imaging objective. These
combined minimise the potential for phototoxicity in live cell imaging and photobleaching
of fluorophores over long-term experiments.
There are many names and terms associated with light sheet imaging29, though the most
common is light sheet fluorescence microscopy (LSFM) or light sheet microscopy (LSM) if
imaging scattered light. Light sheet generation is generally categorised into two main groups:
static and scanned methods. Static methods are generally termed Single Plane Illumination
Microscopy (SPIM)33,34. For SPIM imaging, off the shelf optical elements such as a cylindrical
lens are used to form the sheet of light. Scanning is the other method, with scanned light
sheets, such as the Digital Scanned Laser Light sheet microscope (DSLM)35,36, a linearly
scanned beam forms the light sheet. The light sheet work carried out in this thesis uses SPIM
as the main method of light sheet generation and will noted as such. Though when light sheet
or LSFM is referenced it is intended to encompass all types of light sheet generation and
light sheet microscopy.

2.5

Fluorescence Lifetime Imaging Microscopy

Fluorescence Lifetime Imaging Microscopy (FLIM) is an experimental imaging practice with
both high specificity and sensitivity. From section 2.2, the lifetime of a fluorophore is the
average time it spends in an excited state prior to emitting fluorescence. The average lifetime
arises from a population of fluorophores. If said population is excited by a suitable light pulse
the fluorescence intensity obeys exponential law, with the lifetime being given by the decay
of that exponential3
kl

𝐼(𝑡) = 𝐼7 𝑒 m

(2.9)

where I(t) is the intensity at time t, I0 is the initial intensity, t is the time, and τ is the lifetime.
Given the insensitive nature of fluorescence lifetime measurements to artefacts that arise
from both experimental and system errors, such as concentration, fluctuations in signal
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intensity, laser power, optical path length or photobleaching, FLIM is an attractive alternative
to other imaging modalities37. It also allows for quantitative measurements to be recorded in
addition to providing contrast. The measurement of fluorescent lifetimes requires specialised
equipment given the nanosecond time scales in which fluorescence occurs. A further
difficulty lies in the analysis of fluorescence lifetime data which requires a high level of
knowledge and expertise to carry out proficiently.
It should be noted that it is possible to measure FRET on a steady-state fluorescence
microscope, though it is difficult to quantify the measurements without correct calibration
of fluorescent intensities with proper standards38. Problems also arise due to concentration
gradients, protein dynamics and photobleaching. FLIM aids in overcoming these issues due
to its independence from intensity by measuring the fluorescence decay.
There are two dominant means of recording fluorescent lifetime measurements; gated or
modulated image intensifiers, usually used in wide-field, and photon counting methods,
usually used in point scanning systems.

2.5.1

Wide-field FLIM

The quickest and arguably the most convenient means of measuring a lifetime is to use widefield FLIM. Wide-field FLIM can be recorded in either the time or frequency domains.
Ordinarily a time-domain FLIM detector is a time-gated image intensifier used in
combination with a charge-coupled device (CCD) detector. Thanks to recent advances in
micro-channel plate (MCP) technology this type of detection system can achieve ultra-fast
optical shutter speeds, termed gated-optical intensifiers39,40. MCPs were originally designed
for use in night and X-ray imaging as they amplify weak signals without compromising on
resolution. Similarly, in FLIM the MCP is used to amplify a signal being imaged onto a CCD
detector. The design of this system is described in Figure 2.15.
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Figure 2.15 Main components of a time-gated intensified camera. A large negative voltage is applied across the
cathode, driven at high (up to GHz) frequencies. This allows a photoelectron to be accelerated or blocked towards the
MCP, hence controlling the width of the temporal gate. A large voltage (circa 700 V) is applied across the MCP amplifying
the signal into an electron beam. The phosphor screen then emits photons onto the CCD via phosphorescence.

The process works when a photon hits the photocathode with an applied negative voltage.
This is driven at high frequencies, up to GHz range, controlling the temporal width of the
gate. This photon creates a photoelectron, which is accelerated towards the MCP. The high
MCP voltage, typically 700 V, creates an electron cascade from the singular photoelectron
greatly amplifying the signal forming an electron beam. The MCP is key to retaining spatial
resolution due to the multitude of channels. When each of the beams hits the phosphor
screen photons are reemitted via phosphorescence and detected by the CCD. The individual
time-gates recorded can then be used to infer the lifetime of the fluorescent marker by fitting
to a suitable exponential decay.
An alternative approach, also using the same image intensifier technology, taken to capture
wide-field FLIM is frequency domain FLIM. This technique uses an excitation source whose
intensity is sinusoidally modulated. In practice a similar modulation is applied to the image
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intensifier. By shifting the phase of modulation of the image intensifier in steps with respect
to the excitation modulation a series of images can be recorded. This results in the
fluorescent signal also appearing sinusoidally modulated, but with a phase shift and a
decrease in the amplitude of modulation, as in Figure 2.16.

Figure 2.16 Frequency domain FLIM. Excitation is modulated resulting in a modulation of the fluorescence. The phase
shift and demodulation, derived from modulation depths A and B, are used to calculate lifetime.

The phase shift, ∆φ, can be extracted and a demodulation factor, m, can be calculated from
the modulation depths of the A and B, for both excitation and emission, where:
o

×o

𝑚 = tpq ×tps
pq

ps

(2.10)

Using these two parameters the phase and modulation lifetimes, τp and τm respectively, can
be calculated for each pixel given,
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where ω is the frequency, Δφ is the degree of phase shift and m is the modulation factor.
Both wide-field techniques offer advantages over conventional fluorescence microscopy.
Though as they usually require specialised equipment they are not always readily available in
all research environments. This is aided by simplifying some aspects of the systems41 and
utilising cheaper elements such as LEDs for illumination instead of higher cost lasers.

2.5.2

Time-Correlated Single Photon Counting FLIM

Time-Correlated Single Photon Counting (TCSPC) is the other method of recording FLIM
measurements. As indicated by the name, TCSPC is a photon counting approach, whereby
each individual photon is detected, timed and counted. TCSPC techniques have higher signal
to noise than other FLIM techniques and are considered to be the ‘gold standard’ of the
methodology42,43. TCSPC techniques rely on highly sophisticated electronic architecture to
accurately detect and time-stamp individual photons. The basic principle of TCSPC is as
described as in Figure 2.17.

Figure 2.17 Principle of TCSPC data collection. (a) A laser pulse illuminates the sample. After a period, Period 1 a
photon will either be detected or not detected. This will then be repeated, and again a photon detected or not detected.
This will then be repeated n times. Each of the photons will then be compiled into a histogram. (b) Example of the outcome
of a simple TCSPC experiment. Hundreds or thousands of individual photons arrive and are time stamped after n laser
pulses. These are compiled to create a photon distribution of arrival times, governed by Poisson statistics. (c) Mathematical
fitting allows a model to be fit to the data, showing the fluorescence decay profile, from which a lifetime can be extracted.
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TCSPC is commonly employed in biological imaging due to high photon efficiency and
temporal resolution, though acquisition times are typically longer44.

2.5.3

Single photon detectors

The increased acquisition times involved in TCSPC largely arise due to a bottleneck at the
detection stage. One limiting factor is that of photon ‘pile-up’, an effect which arises at high
photon count rates due to dead time required for TCSPC devices to reset. It distorts the
histogram of photons collected and so influences the measured lifetime. To minimise any
effects which arise due to pile-up the operating count rate must be no more than 10% of the
excitation rate, reducing acquisition speed. This problem is multiplied when in use with a
scanning technique (imaging, as opposed to spectroscopy) as only one detector is recording,
while the large numbers of photons recommended to create good statistics when extracting
lifetimes lead to long acquisition times. Traditionally photo-multiplier tubes (PMTs) were
used as single photon detectors. They function in a similar manner to the MCPs described
above in Figure 2.14. They offer accurate timing response and are a well-established
technology, though are not suitable in all applications as they require high voltages and can
be quite bulky.
Electron multiplying-CCDs (EMCCDs) are CCD sensors with a gain stage applied between
the device and the read-out45 capable of single photon detection and are one alternative to
traditional PMTs. Being solid-state imagers they offer one major advantage over PMTs46.
Though they are not the only solid-state devices used in TCSPC FLIM. Single Photon
Avalanche Diodes (SPADs) offer an alternative to EMCCDs, while they offer several
advantages in both their manufacture and function. SPADs exhibit high timing resolution,
and high sensitivity and are not damaged by exposure to high light levels. They do not require
operation by either a high voltage or a vacuum and provide the possibility of designing them
in arrays.
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One particular SPAD array, the outcome of the MegaFrame EU project47–49 is used in this
work. Though they offer many benefits, the big advantage of SPADs, and especially SPAD
arrays such as this, is that they allow for independent TCSPC measurement in each pixel,
greatly multiplexing the ability of other TCSPC technologies. SPADs show great promise for
use in time-resolved microscopy, though the current generation are limited by small fill
factors as the timing electronics are on pixel (as opposed to having a separate external timing
system, which can be bulky and obtrusive). The small fill factor has been overcome optically
in some cases50, while developments in three-dimensional solid-state stacking technologies
give great promise to SPADs in the future.

2.5.4

State-of-the-art in light sheet FLIM

Studies of advanced biological process, in developmental biology, organ function and cell
signalling require high resolution four-dimensional data and so quickly adopted light sheet
microscopy36,51. However, a gap emerged between events at the molecular level and those at
tissue level. To close this gap, a new wave of multi-modal light sheet systems have been
developed. The first of these such systems was a light sheet fluorescence correlation
spectroscopy (FCS) system to measure intercellular protein localisation52–54.
Greger et al55 demonstrated that light sheet can benefit from a truly multimodal microscopy
regime with a high spatial resolution SPIM-FLIM system based on a wide-field frequency
method. A similar approach was used in the application of both FLIM and FRET to monitor
apoptosis in 3D cell cultures56,57 and these systems can be further improved via the
implementation of newer technologies such as specifically designed cameras58.
Costa et al59 showed that recording standard ratiometric FRET of calcium dynamic in
Arabidopsis thaliana roots is also possible on a light sheet system, taking advantage of the
inherent sectioning capability.
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This shows the great potential for expansion and development of further multi-modal
systems. However, to the best of the authors knowledge, there has yet to be a demonstration
of a ‘gold standard’ TCSPC light sheet-FLIM technique.

2.6

Protein Dynamics

These techniques, both individually and combined, have contributed to our understanding
of both biological processes and biological development. Though there is some disparity
between FLIM and other proteomic related techniques60, it is a highly complementary in
gaining a full picture of cellular activity. As previously highlighted, FLIM-FRET is a key
technique to identify and visualise inter-protein events. One interesting area to use this
technology is in cancer research, such as identifying key proteins in tumour suppressor
pathways. Tumour suppressor pathways are generally activated when stress, such as damage
from irradiation, hypoxic conditions or oncogene activation, is applied to a cell. Two proteins
regularly mentioned in discussing tumour suppression are p53 and p21. p53 is often
described as the ‘guardian of the genome’ as it has an important role in preventing mutations.
An abnormality in p53 increases the risk of developing various types of cancers. The p21
protein is a cyclin-dependent kinase (CDK) inhibitor protein and is a target of p53 activity.
It is a protein capable of inhibiting all cyclin complexes, and so can directly or indirectly
affect the progression of the cell cycle. Prior studies identified p21 as a protein that is
protected from degradation in response to elevated expression of FMN2, even as other labile
proteins, including p53, Hdm2, and HIF-1, were not altered when FMN2 levels increased.
The encoded protein of FMN2 is thought to be essential roles in organisation of the actin
cytoskeleton and in cell polarity, though these studies also show the potential for FMN2 to
be important in other tumour suppression pathways, including those completely
independent of p5361,62. Increased levels of FMN2 lead to cell cycle arrest resulting from the
inhibition of degradation of CDK1A. The p21 protein, encoded by the CDK1A gene, is
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known to associate with linking DNA damage to cell cycle arrest63 and the cell cycle in some
tumour types.
The study of FMN2 and p21 could be invaluable to further understanding the mechanisms
of cancer prevention. As part of this work a stable cell line exhibiting fluorescent species of
both FMN2 and p21 will be established, while microscopy will investigate the possibility of
a direct interaction between the two.

Using FLIM-FRET microscopy to probe an interaction such as described above can be a
key step to identifying, confirming or proving otherwise the presence of an interaction.
However, as with all areas further exploring a specimen or sample can increase complexity.
One such area may be in developmental studies where cells and organisms are no longer
simple planar objects, but are usually more complex and require a third, or subsequent,
dimension to fully interpret the system. This can also be key in subcellular process which
occur in more than just a singular focal plane. For example, during the cell cycle, the cell
duplicates itself, during which it grows much larger in all dimensions, at times meaning
collecting data in one focal plane may not give the entire story. During the cell cycle, in which
a cell divides into two daughter cells, the new cells retain all the genetic information from
the mother cell. To achieve this the mother cell must duplicate DNA prior to division. This
cycle is essential for production of a functional organism64. In eukaryotic cells this cycle is
split into interphase, cell growth (G1 and G2) and synthesis (S), and cell division, mitosis
(M), as shown in Figure 2.18.
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Figure 2.18 Schematic of the cell cycle. During G1 and G2 phases the cell grows, the organelles duplicate, and the cell
prepares for DNA replication or cell division, in S phase the DNA and the centrosome duplicate, in M phase (mitosis) the
cell divides into two daughter cells.

Mitosis is the part of the cell cycle when replicated chromosomes are separated into two
daughter nuclei. It can be further subcategorised into phases: prophase, prometaphase,
metaphase, anaphase and telophase, which are characterized based on chromosomal
behaviour as described in Figure 2.19. Initially chromatin condenses, forming chromosomes
which collect in the centre of the cell. The nuclear envelope then breaks down and
centrosomes migrate to poles at opposite sides of the cell. The chromosomes then align
between the two poles and separate to form two daughter cells.
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Figure 2.19 Cellular mitosis. During interphase the cell prepares for duplication. During mitosis chromatin compacts to
form chromosomes which align and are separated to form two daughter cells. Adapted from SMART Medical Art by Servier
under Creative Commons Attribution 3.0 Unported licence.

The understanding of this process is key to our understanding of how an organism replicates
at a sub-cellular level, given chromatin is the carrier of genetic and epigenetic information.
The information contained in this DNA is packaged by histones and associated proteins and
RNA into chromatin. Histone H2B is one of the 5 main histone proteins involved in the
structuring of chromatin that occurs through the cell cycle. It has been thoroughly studied
to investigate this highly complex process in both human cells and organisms such as C.
elegans using FLIM-FRET techniques65,66.

2.7

Summary

The development of a new time-resolved microscopy technique can be an essential tool for
gaining a deeper insight into the relationships a fluorophore or fluorescent protein may have
with its surroundings. When combined with FRET, and indeed other potential contrast
mechanisms, it can easily allow for a quantitative measurement of protein interaction.
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Moreover, as FRET occurs on a scale of 1-10 nm, it is possible to ascertain information at a
molecular level, beyond that of a characteristic fluorescent microscope.
In recent years, there has been an increase in the number of novel implementations of FLIM
based technologies into light sheet set-ups. This shows the expanding demand for such
systems for biological investigations. However, to the best of the authors knowledge there
has yet to be a demonstration of a ‘gold standard’ TCSPC light sheet-FLIM technique. This
has likely been due to the traditional incompatibility between TCSPC, which are generally
scanning based techniques, and the fact that light sheet-based microscopies are widefield.
New developments in single photon detector technology gives the opportunity to overcome
this barrier. This thesis will go on to investigate the viability of implementing these new
SPAD arrays into a light sheet-based system to create a TCSPC light sheet FLIM system.
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Chapter 3
Study of two biological systems via FLIM-FRET microscopy
An important aim of cell biology is to observe inter-protein interaction within living cells.
The signalling pathways that govern these interactions are intrinsic to all biological processes,
their study develops knowledge of protein function and behaviour, predicting biological
processes and characterising pathway interactions. This is key to establishing a thorough
knowledge of cellular networks, which in turn can be used to develop new therapeutic
strategies for combatting disease. The development of non-invasive fluorescence imaging,
such as FLIM-FRET, has been a key technique to carry out an investigation of proteinprotein interaction, identifying whether, where and when biomolecules interact with one
another in a cell. Such techniques aid the ever-increasing knowledge of signalling pathways,
and the conformational changes that occur within cells.

In this chapter, two aspects of FLIM-FRET microscopy will be investigated using two
different cell lines. The first investigates one of the most common uses of FLIM-FRET
microscopy, utilising a U2OS cell line stably expressing p21 tagged with inducible GFP and
transiently expressing FMN2 tagged with mCherry to investigate the presence of FRET
between the two proteins.
Another interesting application of FLIM-FRET is not only in identifying new proteinprotein interactions but also developing upon current knowledge. For example, chromatin
dynamics have been widely studied65–69, though many of the studies are confined to single
section time-lapse studies. Full four-dimensional data sets are less common, as they are more
difficult to attain. Here, chromatin compaction across the cell cycle is investigated in three
and four dimensions. This is carried out by imaging a HeLa cell line co-expressing H2B
tagged with GFP and mCherry using a state-of-the-art FLIM system. In doing so this also
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investigates the viability and identifies some of the limitations of current state-of-the-art
three-dimensional time-lapsed FLIM-FRET on current technologies.
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3.1

Cell lines

U2OS cells, originally known as the 2T cell line, are osteosarcoma cells cultivated from the
bone tissue of an unknown fifteen-year old human70. They were established in 1964 and
exhibit a morphology similar to adherent epithelial cells.
HeLa cells are epithelial cells from a fatal cervical carcinoma71. The cell line was derived from
cervical cancer cells taken from Henrietta Lacks in 1951. They were the first cells to be
cultured in vitro and the first variant of cells to be immortalised, in that they do not succumb
to cell senescence after a number of cell divisions. They are adherent cells and have a typical
shape of adherent cells.

3.2

FLIM-FRET microscopy

FLIM-FRET imaging is a key tool in GRE research, commonly used to investigate proteinprotein interactions72,73. FLIM-FRET experiments were carried out on both U2OS and HeLa
cell lines. Preparation of the cell lines is detailed in the relevant section below. Imaging of
both cell lines was carried out under the same conditions. Measurements were acquired using
a confocal Zeiss LSM780 equipped with an environmentally maintained chamber, at 37°C in
5% CO2, with a 63× oil immersion lens NA 1.4 Plan-Apochromat objective from Zeiss.
Two-photon excitation was achieved using a Chameleon Ultra II tuneable (680–1080 nm)
laser (Coherent) to pump a mode-locked frequency-doubled Ti:Sapphire laser that provided
sub-150-femtosecond pulses at an 80-Mhz repetition rate with an output power of 3.3 W at
the peak of the tuning curve (800 nm). Enhanced detection of the emitted photons was
enabled by a HPM-100 module (Hamamatsu R10467-40 GaAsP hybrid PMT tube). The
fluorescence lifetime imaging capability was provided by TCSPC electronics (SPC-830;
Becker & Hickl GmbH). EGFP and mCherry fluorophores were used as a FRET pair. The
optimal two-photon excitation wavelength to excite the donor (EGFP) was determined to
be 890 nm73.
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In practice, laser power was adjusted to give a mean photon count rate of the order 6x104105 photons/s for each sample imaged. For imaging of live cells, the standard growth
medium was replaced with phenol red-free DMEM supplemented with 10% FBS.
Fluorescence lifetime measurements were acquired over a 30-90 s period and fluorescence
lifetimes were calculated for all pixels in the field of view (256×256 pixels) and then a region
of interest (e.g. whole cell, nucleus, compacted chromosomes) was selected using SPCImage
software (Becker & Hickl, GmbH).

3.3

Investigation of the interaction of between p21 and FMN2

Prior work61 shows the potential clinical relevance of the FMN2 protein in p53 independent
tumour suppression pathways. To investigate this using microscopy a suitable cell line to
probe an interaction between the p21 and FMN2 proteins was established. To achieve this,
plasmids containing the genes to generate the p21 and FMN2 proteins must be made and
transfected into cells. The Lamond lab had previously obtained and generated pEGFP-C1
and pcDNA3-FMN2-mCherry vectors which were made available for this study, leaving the
generation of a fluorescently tagged p21 strain.

3.3.1

Plasmid Construct

To enable a better control of the fluorescence intensity from p21 the pcDNA5/FRT/TO
vector (Invitrogen) was chosen as the vector for the CDK1A-EGFP DNA, as the p21
protein is encoded by the CDK1A gene. The pcDNA5/FRT/TO vector has an inducible
gene expression system upstream of the multiple cloning sites, allowing for controlled
expression of p21. It is a tightly regulated and highly responsive system that produces ondemand, robust expression of a gene of interest in target cells. Target cells that express the
Tet-On Advanced transactivator, are induced when cells are cultured in the presence of the
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system’s inducer, doxycycline74. The cloning strategy adopted to create a strain of
pcDNA5/FRT/TO-CDK1A-EGFP DNA is shown in Figure 3.1.

Figure 3.1 Cloning the pcDNA5FRT/TO-CDK1A-EGFP strain. Schematic representation of the site-specific
integration of CDK1A-EGFP gene into the pcDNA/FRT/TO vector. The CDK1A-EGFP gene was excised from the
pEX-K4-CDK1A-EGFP vector and cloned into the pcDNA5/FRT/TO vector by HindIII and NotI to generate the
pcDNA5FRT/TO-CDK1A-EGFP vector.

The CDK1A-EGFP DNA was excised from the pEX-K4-CDK1A-EGFP vector with
HindIII and NotI restriction enzymes. The expression vector pcDNA5/FRT/TO vector
was digested at its multiple cloning site also with HindIII and NotI, as per the manufacturer’s
instructions. The digested DNA fragments were isolated by gel electrophoresis75 in 0.8%
agarose gel in 1xTAE, 110 V for 40-60 minutes and run alongside a marker (Hyperladder
1kb, NEB). Ethidium bromide allowed visualisation of DNA under UV light.
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Gel purification was then run with QIAquick Gel Extraction Kit (Qiagen) to extract the
digested DNA, as per the manufacturer’s instructions. The vector and fusion gene fragments
were ligated with a Fast-Link DNA Ligation Kit (epicentre), as per the manufacturer’s
instructions, and checked using DNA sequencing. The resultant DNA plasmid was amplified
by transformation into OneShot BL21(DE3) chemically competent cells (Invitrogen) and
followed by purification using a NucleoSpin Plasmid Miniprep kit (Macherey-Nagel), as per
manufacturer’s instructions.

3.3.2

Cell transfection

All plasmid transfections were performed using PEI Max76. As a negative control U2OS cells
were initially transfected with free GFP with the pEGFP-C1 vector. For this, cells were
divided into a 10 cm dish and allowed to grow to 60-80% confluency. For each dish 2.0 µg
of DNA, 32 µl of PEI Max, and 300 µl of Optimem were prepared and incubated at room
temperature for 10 minutes. Cells were washed with phosphate buffered saline (PBS) and
cell culture medium changed to Dulbecco modified Eagle medium (DMEM - high glucose,
pyruvate, GlutaMAX – Gibco® LifeTechnologies) antibiotic free medium supplemented
with 10% Foetal Bovine Serum. The transfection agent was added to each plate in a dropwise
fashion and left to incubate for 4 hours to overnight. After the incubation period medium
was changed back to full growth medium.
Similarly,

for

transfection
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the

fluorescently

tagged

p21

protein

via

the

pcDNA5/FRT/TO-CDK1A-EGFP plasmid, cells were also divided into a 10 cm dish and
allowed to grow to 60-80% confluency. For each dish 2.0 µg of DNA, 32 µl of PEI Max,
and 300 µl of Optimem were prepared and incubated at room temperature for 10 minutes.
Cells were washed with PBS (phosphate buffered saline) and cell culture medium changed
to 10% FBS DMEM antibiotic free medium. The transfection agent was added to each plate
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in a dropwise fashion and left to incubate for 4 hours to overnight. After the incubation
period medium was changed back to full growth medium.
Cells were then incubated for 48-72 hours in antibiotic free medium, after which the
appropriate selection antibiotics were added. This resulted in polyclonal colonies forming.
These were individually extracted and cultured in 6-well plates. Upon nearing confluency,
these were transferred to T75 culture flasks and frozen down and maintained as stably
expressing single cell clones.
For the expression of pcDNA3-FMN2-mCherry cells were transiently transfected. In a
similar manner to the above, cells were split into a 35 mm diameter glass bottomed imaging
dish. For each dish 1.0 µg of DNA and 12 µl PEI max were diluted in 125 µl of Opti-MEM
and transfected overnight. After incubation, medium was changed to phenol-red free growth
medium for live-cell imaging.
Throughout the remainder of this thesis, the resulting fusion proteins from pEGFP-C1,
pcDNA5/FRT/TO-CDK1A-EGFP and pcDNA3-FMN2-mCherry vectors are termed as
EGFP, p21-GFP and FMN2-mCherry.

3.3.3

Cell characterisation

Cells were characterised using immunohistochemistry. Cells were split into 6 well plates
containing 15 mm diameter cell culture treated cover slips (Thermo Scientific) and incubated
to appropriate confluency using normal growth medium. Two sets of the p21-GFP cells were
prepared, one set was induced by adding doxycycline to a concentration of 1 µg/ml 24 hours
prior to fixing. After incubation cells were washed twice with PBS and fixed with 3.8%
paraformaldehyde for 20 minutes. Post fixation, cells were washed three times and prepared
for staining. Cells were permeabilised with 1% triton in PBS for 5 minutes, followed by three
PBS washes. 1% donkey serum in PBS was then used as a blocking agent and stained with
DAPI in H2O at a ratio of 1:15,000 for 3 minutes, followed by two PBS washes. Cover slips
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were finally sealed onto a glass slide using Vectashield mounting media (Vector Laboratories
Ltd) and sealed with clear nail varnish.
Imaging was carried out on a Deltavision Olympus IX71 inverted fluorescence microscope
(Applied Precision). The Deltavision system, was fitted with a 100x PlanApo objective lens
with a NA of 1.4, a Coolsnap HQ charge coupled device (CCD) camera (Photometrics), an
Olympus high pressure mercury lamp, a Nano-motion III precision control stage motor, a
beam expander, and a standard Quad filter set (FITC, RD-TR-PE, DAPI, Pol). The system
was controlled by a Linux workstation with Resolve3D (Applied Precision) automated data
collection software. The stage motor has an absolute accuracy < 0.6 µm per 13 µm Z scan,
and an out-of-axis motion accuracy of < 0.6 µm per 13 µm Z scan (< 0.3 µm typical). After
acquisition, the data stack was deconvolved using softWoRx imaging and microscopy
software (Applied Vision). This was a constrained iterative deconvolution of the point spread
function to remove out-of-focus blur77.
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Figure 3.2 Immunohistochemistry imaging of EGFP transfected cells. U2OS cells stained with DAPI fluorescently
tagged with (a) U2OS cell co-expressing EGFP and FMN2-mCherry stained with DAPI, (b) EGFP channel, (c) FMN2mCherry channel, (d) DAPI channel. Blue – DAPI, green – GFP, red – mCherry. Scale bar 15 µm.

Figure 3.2 shows cells stained with DAPI and as intended show freely expressing GFP
throughout the cell, while fluorescence from FMN2-mCherry is localised within the nucleus.
Similarly, in Figure 3.3, cells tagged with p21-GFP behave as expected. When p21 is not
chemically induced, no fluorescence is observed (Figure 3.3 (c)) above background levels,
whereas when treated with doxycycline the cell expresses GFP tagged FMN2 and fluoresce
(Figure 3.3 (d)), showing the inducible tet operator is behaving as intended. No visual change
to cellular morphology was noticed.
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Figure 3.3 Immunohistochemistry imaging of p21 transfected cells. U2OS cells stained with DAPI fluorescently
tagged with (a) non-induced p21-GFP DAPI channel, (b) induced p21-GFP DAPI channel, (c) non-induced p21-GFP GFP
channel and (d) induced p21-GFP GFP channel. Blue – DAPI, green – GFP. Scale bar 15µm.

3.3.4

FLIM-FRET Imaging

Cells were cultured to 80% confluency in T75 culture flasks. Cells were maintained in
Dulbecco modified Eagle medium (DMEM - high glucose, pyruvate, GlutaMAX – Gibco®
LifeTechnologies) supplemented with 10% tetracycline free foetal bovine serum (SIGMA),
1% Penicillin/Streptomycin, Hygromycin B to a final concentration of 150 µg/ml and
Blasticidin to a final concentration of 6 µg/ml. Cells were grown at 37°C in an incubator
containing 5% CO2. Cells were plated into a 35 mm2 glass-bottomed culture dish 24 hrs prior
to imaging. p21-GFP cells were induced by adding doxycycline to a final concentration 1
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µg/ml. Where relevant cells were transiently transfected with FMN2-mCherry overnight as
per section 3.3.2. Imaging was carried out as per Section 3.2.

3.3.5

Results

As an initial check a lifetime measurement was taken of a population of both control GFP
and p21-GFP cells, and their corresponding potential FRET FMN2-mCherry transfected
counterparts, as shown in Figure 3.4.
FLIM-FRET analysis of individual measurements was carried out using SPCImage data
analysis software (Becker & Hickl, V6.0). During the decay fitting process the value of χ2 was
reduced by initially varying the fitting parameters manually, such that the population of
selected cells had a value of χ2 = (1 ± 0.25). This ensures that the sum of the square of the
errors, χ2, is minimised between the fluorescence decay and the applied fit. The χ2 value
represents the "goodness-of-fit" of the method and is repeated using an iterative
computation to optimise the model parameters.
Under non-FRET conditions, the mean fluorescence lifetime value of the donor in the
absence of the acceptor was calculated by averaging the individual pixel lifetimes. Individual
lifetimes were calculated by applying a mono-exponential decay model to fit the fluorescence
lifetime decay traces.
Under potential or expected FRET conditions, a bi-exponential fluorescence decay model
was applied to fit the experimental decay curves
kl

kl

𝑓(𝑡) = 𝑎𝐷𝐴𝑒 m>E + 𝑏𝐷𝑒 m>

(3.1)

where, f(t) is the combined function after a time t, aDA is the contribution of the donoracceptor function, τDA is the lifetime of the donor in the presence of the acceptor, bD is the
contribution of the donor function, τD is the lifetime of the donor. A bi-exponential fit is
applied as the lifetime measurement is dependent on the competition from both the radiative
(i.e. fluorescence) and non-radiative (i.e. FRET) processes. The bi-exponential fit then
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considers both the fluorescence lifetime from non-interacting molecules and the reduced
lifetime resultant from energy transfer from donor molecules to acceptor molecules.
By fixing the non-interacting proteins’ lifetime τD (using data from control experiments,
EGFP or p21-GFP samples), the value of τDA was estimated. FRET interactions cause a
decrease in the fluorescence lifetime of the donor molecules (EGFP), using this, FRET
efficiency can be calculated by comparing the FLIM values obtained for the EGFP donor
fluorophores in the presence and absence of the mCherry acceptor fluorophores. Mean
FRET efficiency images were calculated given FRET efficiency,
…

EI‚ƒ„ = 1 − ( …>E ),
>

(3.2)

where EFRET is the FRET efficiency, τDA is the mean fluorescence lifetime of the donor
(EGFP or p21-GFP) in the presence of the acceptor (FMN2-mCherry) and τD is the mean
fluorescence lifetime of the donor (EGFP or p21-GFP) in the absence of acceptor.
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Figure 3.4 FLIM-FRET analysis of p21 and FMN2 tagged U2OS cells assessing a potential FRET interaction.
(a) Fluorescence intensity image of two U2OS cells, one exhibiting p21-GFP only and one exhibiting both p21-GFP and
FMN2-mCherry. GFP alone tagged cells are shown as a control, expressing only GFP. (b) Shows the same two cells with
contrast applied via fluorescence lifetime. Fluorescent lifetime values are presented in a continuous pseudo-coloured scale,
from 1.8 to 2.35 ns. The red-shifted pixels indicate a shorter lifetime. (c) Scatterplot of the mean GFP lifetimes (and
weighted GFP lifetimes for FRET exhibiting cells) in EGFP tagged-cells (green diamonds, 16 measurements), EGFP
transfected with FMN2-mCherry (red diamonds, 16 measurements), p21-GFP cells (green squares, 23 measurements) and
p21-GFP tagged cells transfected with FMN2-mCherry (red squares, 13 measurements). ns no significance, *** p<0.0001
(two-tailed Mann-Whitney test). Scale bar 10 µm.

Figure 3.4 (a) shows an example of two p21-GFP tagged cells transiently transfected
overnight with FMN2-mCherry. The cell on the left of the image has taken up the plasmid
DNA and is expressing FMN2-mCherry, while the cell on the right did not uptake the DNA
and so only expresses p21-GFP and no mCherry. Figure 3.4 (b) shows the corresponding
lifetime map of the same two cells. A reduced lifetime is observed in the cell co-expressing
p21-GFP and mCherry-FMN2, as indicated by the red-shifted pixels.
Figure 3.4 (c) shows a summary of the GFP lifetime measurements recorded for both the
negative control, EGFP and FRET-pair EGFP and FMN2-mCherry, and for p21-GFP
tagged and potential FRET pair p21-GFP and FMN2-mCherry. The GFP lifetime of the
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cells exhibiting FRET is the weighted mean lifetime. A two-tailed Mann-Whitney test
showed no significant change in the GFP lifetime of the negative control, EGFP, and EGFP
in the presence of the acceptor FMN2. When the same test was carried out on p21-GFP
cells and p21-GFP cells transiently transfected with FMN2-mCherry a significant drop in the
average lifetime was observed from 2.19 ns to 2.12 ns (p <0.0001). This reduction in lifetime
indicates some level of FRET occurring between the p21 and FMN2 proteins and is shown
in Figure 3.5.

Figure 3.5 Comparison of FRET values between negative control and experiment. (a) Scatterplot of the mean GFP
lifetimes in EGFP transfected with FMN2-mCherry (green diamonds, 16 measurements) and p21-GFP tagged cells
transfected with FMN2-mCherry (red squares, 13 measurements). *** p<0.0001 (two-tailed Mann-Whitney test). (b)
Normalised FRET populations from 0-25%.

FRET values were calculated for both EGFP/FMN2-mCherry and p21-GFP/FMN2mCherry transfected cells. An increase in mean FRET from a mean value of 3% up to 15%
was measured between the negative control and test for direct interaction between p21 and
FMN2 (p<0.0001).

3.4

FLIM imaging of doubly tagged H2B construct in HeLa cells

To investigate the feasibility of full four-dimensional (three-dimensional, time-lapsed data
sets) FLIM measurements of HeLa cells expressing GFP tagged-H2B (HeLaH2B-EGFP) and
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cells co-expressing GFP and mCherry tagged-H2B (HeLaH2B-EGFP/H2B-mCherry) were imaged
progressing through mitosis using FLIM microscopy as per section 3.2. Similar cells were
then imaged in three dimensions as they went through cell division. Through the remainder
of this thesis, these cell lines HeLaH2B-EGFP and HeLaH2B-EGFP/H2B-mCherry are termed as H2BGFP and H2B-2FP respectively.

3.4.1

Cell Culture

Cells were provided by Dr. David Llères (IGMM, Montpellier, France) and are previously
described in 65,78,79. The cells were maintained in Dulbecco modified Eagle medium (DMEM
- high glucose, pyruvate, GlutaMAX – Gibco® LifeTechnologies) supplemented with 10%
foetal bovine serum (SIGMA), 1% Penicillin/Streptomycin, blasticidin to a final
concentration of 2 µg/ml and G418 to a final concentration of 150 mg/ml. Cells were grown
at 37°C in an incubator containing 3% O2 and 5% CO2.

3.4.2

FLIM-FRET imaging

As per section 3.3.4, H2B-GFP and H2B-2FP cells were cultured to near confluency and
split into 35 mm glass bottomed dishes, 24 hrs in advance of imaging. These cells were
previously characterised via FLIM-FRET65, as such a negative control was considered
unnecessary for this work. These cells were then imaged as per section 3.2.

3.4.3

Results

Data were analysed in SPCImage, v6.0, as per section 3.3.5. A standard practice was applied
to ensure reliability and repeatability. Images were binned 2x2, ensuring a decay peak of 100
counts for dimmer pixels. A small number of images were binned at higher rates, inevitably
this reduces the spatial resolution of both lifetime, τ, and FRET efficiency maps. These
images were not used for in-depth analyses, but some are shown to highlight different aspects
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of the system. Prior to fitting it was necessary to exclude as many of the background and low
photon pixels from the fitting process. This was done by extracting a mask from the
corresponding confocal images, following the process in Figure 3.6, and overlaying this mask
onto the time resolved data in the SPCImage software.

Figure 3.6 Process applied to count cells suitable for FLIM analysis and apply an appropriate mask to time
resolved data. A single channel of the confocal data is imported into Fiji80 image analysis software. The threshold is then
altered to highlight cells. Using the binary watershed principle81 the cells are segmented. Using particle analysis and setting
a minimum area and circularity then allows the cells to be outlined and counted or the image inverted and applied to FLIM
data as a mask to select the appropriate pixels for analysis.

The segmentation process was validated with a manual count, though it must be noted that
this process was not viable for use with all data sets. In the cases that a mask could not be
applied cells were outlined manually in SPCImage. This was usually caused by an absence of
a clear boundary (such as at the extremity of z-stacks, where photon counts were less than
ideal) or an overabundance of light (e.g. chromosomes packed too closely, beyond the
resolvable limit).
Again, to ensure the cells were behaving as intended, lifetime measurements were taken of a
population of both H2B-GFP and H2B-2FP cells, as shown in Figure 3.7. It was noted that
both strains expressed varying levels of fluorescence and that this may need to be taken into
consideration when carrying out lifetime analyses. It was further noted that a population of
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the 2FP cells did not express mCherry. These cells were excluded from imaging for FRET
measurements (they were also excluded from being used as controls).
Figure 3.7a shows an example of interphase HeLa cells expressing GFP alone, and a GFPmCherry FRET pair. The τ map shows the measured lifetime of each pixel as calculated by
a monoexponential decay fit, for GFP alone cells, and a multiexponential decay fit, for 2FP
cells (with a fixed τD value calculated from control cells). Here the distribution of GFP alone
shows the expected lifetime distribution of non-interacting fluorescent proteins. The
distribution of the 2FP lifetimes are centred on a shorter value, as is to be expected because
of the energy transfer between the GFP and mCherry FRET pair, Figure 3.7b. A decrease in
the cellular mean fluorescence lifetime of GFP in the H2B-2FP cells was noted compared to
the H2B-GFP cells. This shows that under normal conditions the cells behave as expected,
while both cell lines express the correct proteins and interact via FRET.
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Figure 3.7 FLIM-FRET analysis of H2B tagged HeLa cells showing spatial organisation of chromatin
compaction. (a) Fluorescence intensity and lifetime images of interphase GFP and 2FP tagged cells. GFP alone tagged
cells are shown as a control, expressing only GFP. An example of a 2FP interphase cell is also shown. Fluorescent lifetime
values are presented in a continuous pseudo-coloured scale, from 1.8 to 2.35 ns. (b) Scatterplot of the mean GFP lifetimes
in H2B-GFP (green, 170 measurements) and H2B-G2P (red, 224 measurements) cells. The lifetime of H2B-GFP cells is
significantly longer, as indicated by the blue shifted τ map in 3.6 (a). *** p<0.0001 (two-tailed Mann-Whitney test). (c)
Fluorescent Intensity (left), fluorescent lifetime (middle left, 1.8 to 2.35 ns pseudo-coloured scale), FRET (middle right, 020% FRET efficiency pseudo-coloured scale) images of a prophase 2FP cell and FRET variation (right) showing normalised
FRET populations from 0-20% FRET efficiency. Scale Bars 10 µm.

As a progression to more complete data sets, time-lapse FLIM-FRET images of individual
live HeLaH2B-GFP/2FP cells were then recorded from interphase through to mitosis. A subset of
these results is presented in Figure 3.8.
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Figure 3.8 FLIM-FRET measurements of chromosome compaction during mitosis. (a) Time-lapse FLIM-FRET
measurements of HeLaH2B-GFP cells at different stages of mitosis. (top) Fluorescence intensity of the H2B-GFP donor.
(bottom) Spatial map of the mean lifetime. (b) Time-lapse FLIM-FRET measurements of HeLaH2B-2FP cells at different
stages of mitosis. (top) Fluorescence intensity of the H2B-GFP donor. (bottom) Spatial map of the mean lifetime. Scale bar
10 µm.

Figure 3.8 compares time-lapse imaging of a GFP and a 2FP cell as they progress through
mitosis. Both Figure 5a and 5b show the transition from metaphase, where the cell forms
the mitotic plate and follows these cells at their centre through mitosis to telophase. In 3.8b
red-shifted areas are areas with shortened lifetimes and are expected to be areas exhibiting
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higher compaction of the H2B protein, therefore more interactions between H2B-GFP and
H2B-mCherry are expected.
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Figure 3.9 FLIM-FRET analysis of H2B tagged HeLa cells over the phases of mitosis. (a) H2B-G2P expression in
HeLa cell progressing from Metaphase to Telophase. Spatial distribution of the fluorescent lifetime (upper) and
corresponding FRET efficiency maps (lower). (b) FRET variation breakdown by phase showing normalised FRET
populations from 0-20% FRET efficiency. Areas of low (1-5%), mid (5-10%) and high (10-20%) FRET are highlighted by
the dashed lines. (c) Relative fraction of FRET populations per cell phases. (Interphase n = 13, Prophase n = 35, Metaphase
n = 80, Anaphase n = 73, Telophase n = 23, 95% confidence interval). Scale Bars 10 µm.
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Time-lapse measurements of live HeLaH2B-2FP were recorded on cells progressing from
prophase and followed through to telophase. This shows a shortening of the average lifetime,
as in Figure 3.9 (a) (top) as the cell moves from metaphase to anaphase and a reverse when
the cell moves to telophase and traverses back to interphase. Correspondingly, areas that are
green and red shifted on the FRET map (Figure 3.9 (a) (lower) indicate more compaction of
chromatin as measured by the higher interaction level of H2B. This can be further shown by
examining the histograms compiling the FRET efficiencies of cells from Interphase through
to telophase (Figure 3.9 (b)). Higher FRET efficiencies are more prevalent during metaphase
and anaphase while low levels of FRET interaction as more present during prophase and
telophase. When viewed in the form of a grouped bar chart (Figure 3.9 (c)) this is most
evident viewing high FRET efficiencies (10-20%). The level of high FRET steadily increases
from interphase through to metaphase and anaphase as the cell continually compacts
chromatin into chromosomes, and then decreases as the cell decompacts in telophase.
As a further comparison of low, mid and high FRET efficiencies a series of non-parametric
two-tailed Mann-Whitney tests were carried out comparing low, mid and high FRET
between interphase and mitotic phases.
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Figure 3.10 Analysis of H2B tagged HeLa over mitotic phase. (a) Breakdown of relative fraction for low-FRET (15%) across phases of the cell cycle. (b) Breakdown of relative fraction for mid-FRET (5-10%) across phases of the cell
cycle. (c) Breakdown of relative fraction for high-FRET (10-20%) across phases of the cell cycle. (Interphase n = 13,
Prophase n = 35, Metaphase n = 80, Anaphase n = 73, Telophase n = 23). *p<0.05, **p<0.005, ***p<0.0001 (two-tailed
Mann-Whitney test).

The results of these tests are detailed and compared in Figure 3.10 (a), (b) and (c). As shown
above the level of high FRET increases from interphase to metaphase and anaphase as
chromatin condenses and compacts. Conversely the level of low FRET decreases as the cell
condenses.
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Figure 3.11 Peak analysis of the FRET variation in Interphase, Prophase, Metaphase, Anaphase and Telophase
cells. Primary peaks common to all phases are highlighted at 1.2, 6.0 and 10.6%.

As a verification and comparison to previously published results on the breakdown of FRET
at different phases of the cell cycle a peak analysis was carried out in Matlab. Common
primary peaks at 1.2, 6.0 and 10.6% in FRET efficiency were extracted and agree within
reason to Llères et al82.

From this we can deduce FLIM-FRET is a powerful tool to monitor inter-protein
interaction, even dynamically as cells change, develop and split. Though some of these
processes do not occur in a single plane and must be recorded in three dimensions. As a
progression to acquiring a full four-dimensional data set, data was acquired not only via time
lapse, but also in three dimensions, tracking a single cell through mitotic division.
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Figure 3.12 FLIM-FRET measurements of chromosome compaction of a single HeLaH2B-2FP at during mitosis.
(a) Sections of a FLIM-FRET z-stack measurement of HeLaH2B-GFP cells during metaphase. (top) Fluorescence intensity of
the H2B-GFP donor. (bottom) Spatial map of the mean lifetime. (b) Time-lapse FLIM-FRET measurements of HeLaH2B2FP cells during anaphase. (top) Fluorescence intensity of the H2B-GFP donor. (bottom) Spatial map of the mean lifetime.
Sections are acquired over 90s and are recorded at 1.5 µm spacing. Time between metaphase and anaphase z-stacks ~20
minutes. Scale bar 10 µm.

Figure 3.12 shows two sets of z sections of a single cell as it progresses from metaphase
through anaphase. The lifetime map represents information similar to Figure 3.8, however
in this case it is expressed in the z dimension as opposed to a time-lapse.

Given the size and complexity of chromatin and the changes it undergoes as cells develop it
can be difficult to track and represent these changes in 3D. To overcome this difficulty a
segregation method, Figure 3.13, was utilised to identify individual chromatid pairs. Initially
a Fourier band pass filter (to a size approaching that of a chromosome) was applied. This
removes the high and low spatial frequencies, out with the band pass and blurs the image.
Then by applying a watershed segmentation the location of local maxima are identified.
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These points are used as seed points and the watershed works inversely to a conventional
watershed (the landscape height is inverted, i.e., maxima of the image are now water sinks as
opposed to a point where the flooding starts). The boundary point where 2 maxima ‘drain’
to then becomes the segment.

Figure 3.13 Process applied to segregate individual chromosome pairs apply a mask to aid in analysis and threedimensional reconstruction. A single channel of the confocal data is imported into Fiji image analysis software and a
custom script run to analyse the images. A Fourier band pass filter is applied. Using the binary watershed principle, the
chromosomes are segmented. By determining the local maxima, a binary mask is formed which highlights chromosome
pairs allowing them to be outlined and counted or the imaged inverted and applied to FLIM or FRET data to aid in further
analyses or reconstructions.

The process is as described in Figure 3.9. One of the outcomes is as shown and allows the
segmentation of both lifetime and FRET maps, where normally it may be difficult to resolve
individual features, such as individual chromosomes.
Thus far it has not been possible to reliably reconstruct a 3D data set using this means due
to under sampling in the z dimension. An alternative approach to further analyse chromatin
compaction is to reconstruct the higher resolution confocal images, giving 3D
reconstructions as in Figure 3.14, and then to map the lifetime or FRET information onto
these reconstructions.
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Figure 3.14 Maximum intensity 3D projection of chromosomes of a 2FP HeLa cell during prophase. Reconstructed
from mCherry channel. 1.5 µm slice spacing. Scale bar 10 µm.

Unfortunately, as with the chromosomal analysis under sampling in the z dimension is greatly
detrimental to applying the time-resolved information. One key issue here is the discontinuity
in lifetimes that can arise from one z-stack to the next. This is further heightened by the
dynamic nature of cells and time required to acquire an individual frame.

3.5

Discussion

The ability to discover direct protein interactions can be achieved using FLIM-FRET
techniques and can be a key contributor to developing knowledge of interaction pathways.
One example was shown here where the interaction between the p21 and FMN2 proteins
was measured. A reduction of GFP lifetime was noted in the presence of an acceptor
molecule, mCherry tagged FMN2 in this case. The reduction of a lifetime in this manner is
indicative of FRET. However, it is clear from the results that the level of FRET that occurs
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varies greatly. This is likely due to changes in protein concentration, or effects caused by the
cell cycle. As such this work would benefit from complimentary studies by other biological
assays.
The second half of this chapter developed upon this ability, measuring chromatin
condensation through mitosis. In addition, three-dimensional data, in the form of z-stacks,
were taken of each stage using a commercial confocal-FLIM system. This shows the
capability of such a technique to acquire four-dimensional data sets in the time domain. The
data shown here shows the change in low, mid and high levels of FRET as H2B tagged HeLa
cells progress through the cell cycle and divide. In particular, a steady decrease in low, and a
steady increase in higher levels of FRET as the cell moves from interphase through to
metaphase and anaphase is observed, then changing direction as the chromatin begins to
expand again in telophase and back through to interphase. These trends follow the
compaction and decompaction of chromatin. Here we also show initial means to analyse and
reconstruct chromosomal information in 3 and 4 dimensions. We show a potential means of
following chromosomes as they are densely packed in prophase and metaphase, as well as
basic 3D reconstruction. The results shown here agree with literature published by Llères et
al65.
Moreover, this work also highlights the current limitations of state-of-the-art threedimensional FLIM microscopy techniques. One of the most limiting factors is the acquisition
time required to attain each individual frame. Data acquired here required an acquisition time
of 30-90 seconds, dependent on the fluorescence intensity of the individual cells. When
progressing from simple time-lapse imaging this issue is multiplied (by a factor equal to the
number of sections required). Figure 3.12 in particular highlights this, each image is separated
by approximately 90s, resulting in a seven and half minute time difference between the first
and last z-section. This has a negative impact when trying to acquire 3D data sets with
sufficient resolution for detailed reconstructions. Depending on the process under
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investigation there is a possibility that it may have progressed from one stage to the next
prior to completion of a single z-stack. A knock-on effect, inferred by Figure 3.14, leads to
an under sampling of data. Given the confocal set-up used, the ideal Nyquist sampling in z
would be 158 nm. However, given the restrictions in imaging the z-stack was acquired every
1.5 µm, almost ten times the ideal sampling rate. In this case it is not possible to interpolate
between the large steps preventing three-dimensional reconstruction of data.
Many biological processes will have passed in this time frame, reducing the utility of TCSPC
techniques. Ultimately this forces the user to a trade-off between either temporal, i.e. time
lapse or spatial resolution.
Nonetheless, it is possible to acquire full four-dimensional data sets on current state-of-theart systems, though it clearly highlights the need for the development of newer techniques,
that offer innovative solutions to current problems.
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Chapter 4
TCSPC SPIM-FLIM
TCSPC FLIM-FRET imaging is a key tool in probing and identifying subcellular dynamics,
as shown in Chapter 3, yet when acquiring multidimensional data sets the speed of
acquisition is a vastly limiting factor, even with today’s state-of-the-art approaches. Lightsheet microscopy (SPIM) is a field of microscopy that has gained much popularity, even
termed a revolution, in recent years, compared to other microscopic techniques, especially
when the sample or data is highly volumetric and is limited by phototoxic or photobleaching
effects. It has evolved to include many aspects, including making use of contrast gained from
time-encoded light, i.e. FLIM based light-sheet techniques. However, none have utilised
TCSPC, representing the gold standard of the technology84, largely due to traditional
incompatibilities between the point scanning TCSPC and widefield light sheet techniques.
As TCSPC is dependent on the number of photons collected, it is perceived to be an
inherently slow process and a dependency that is not aided by conventional scanning
techniques. However, with the advent and development of SPAD arrays that greatly
parallelise the acquisition of FLIM data it opens an opportunity for a TCSPC SPIM-FLIM
system to be designed. This chapter will outline the potential of such a system, discuss some
of the design aspects and report preliminary results recorded on the first TCSPC SPIMFLIM system.
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4.1

Design of a light sheet based FLIM system

A simple SPIM system will usually generate a light sheet using a single cylindrical lens, which
is a cheap, simple and robust solution. Though this does come with some disadvantages.
One of the biggest issues arising from the use of a cylindrical lens leads to a non-uniform
intensity distribution over both axes of the largely elliptical light sheet. This has been
overcome by Saghafi et al85 with the use of a Powell lens in combination with aspheric optics.
This method generates a long uniform light sheet by utilising the Powell lens to pre-share
the usually Gaussian beam into a line with a top hat profile. This line is then focused to suit
the sample and type of microscopy being carried out.
Detection of light on this SPIM system will then usually be carried out orthogonally on a
single detection arm, as in Figure 2.12. Multi-view light-sheet systems86,87 have been
developed to take advantage of the other orthogonal positions, by illuminating or detecting
from opposite sides of the sample in the same plane. This principle can also be employed in
SPIM-FLIM whereby the system can acquire near simultaneous acquisition of images in both
the spatial, onto a high-resolution scientific CMOS camera, and temporal domain, onto a
time-resolved detector. In doing so, contrast is derived from both spatial and temporal scales
and both the morphological (intensity) and functional (lifetime) information of samples can
be acquired.
This also aids the low resolution of SPAD array-based technologies, as they are engineering
cameras and as such have some limitations. One aspect highlighted is the low pixel counts
compared to conventional sCMOS or similar devices. By dual-detecting in this manner, the
low pixel count can be overcome by complementing one data set with the other.
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4.1.1

Optical set-up

This work uses the above methodology in combination with other work presented by Saghafi
et al88 to create a SPIM system with greatly improved light sheet generation over conventional
means.

Figure 4.1 Schematic of the SPIM-FLIM setup. Showing (a) view from above and (b) view from the side. CT –
Collimating telescope, PL- Powell lens, AS Aspheric lens, CL- Cylindrical lens, Obj – Detection objective, TL – Tube lens,
AC – Achromatic doublet, MF32 - Megaframe32 SPAD array.

A picosecond pulsed laser diode (LDH-D-C-485, PicoQuant), driven by a picosecond pulsed
laser driver (PDL800-D, PicoQuant) was aligned and expanded by a collimating telescope.
A Powell lens (1-PL-1-B9101, 10° fan angle, Altechna) was used to fan out the beam, which
was then collimated by an aspheric lens (C240TME-A, Thorlabs). This was imaged onto the

68
back focal plane of a low NA, long working distance objective (Mitutoyo Plan Apo 5x/0.14)
by a series of relay cylindrical achromatic lenses (ACY254-150-A, ACY254-100-A, ACY254050-A Thorlabs). Cylindrical lens 1 and 3 are in the same orientation, with cylindrical lens 2
orientated at 90°, as per Saghafi et al85. The parallel cylindrical lenses, 1 and 3, act as a
telescope, focusing the light sheet onto the back focal plane of the objective and controlling
its thickness, while cylindrical lens 2 controls the height of the light sheet across the sample.
Sample movement was controlled by 3 independent orthogonally mounted micro-translation
stages (M111.12S, Physik Instrumente). The sample is simultaneously imaged onto the time
resolved SPAD array (MegaFrame3248,89,90) and an sCMOS camera (Neo 5.5 sCMOS, Andor).
The system is controlled through LabVIEW (National Instruments) scripts and
microManager91 and images subsequently analysed in Fiji and MATLAB (MathWorks, Inc.).

4.1.2

Calibration of the system

To ensure the system is correctly working as intended it must be calibrated. This involves
several steps. Initially the system must be correctly aligned, to do this the excitation signal of
green fluorescent beads on a FocalCheck fluorescence microscope test slide (Test slide #1,
F36909, ThermoFisher Scientific), Figure 4.2 (a), as well as 9.9 µm nominal diameter green
fluorescent beads (Fluoro-Max green fluorescent microspheres, Thermo Scientific) in a 0.5%
agarose medium (Ultrapure Agarose, 16500-500, Invitrogen) in the sample plane was
acquired onto an sCMOS camera. With the high-resolution imaging arm aligned in the focal
plane of the light sheet the two imaging axes were aligned by imaging the MF32 chip onto
the sCMOS camera, Figure 4.2 (b).
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Figure 4.2 Initial alignment of the SPIM-FLIM system. (a) Fluorescent bead from Row A, column 1 of the FocalCheck
fluorescence microscope test slide number 1 (F36909, ThermoFisher Scientific). Scale bar 10 µm. (b) Imaging the MF32
chip onto the sCMOS camera allows both foci to be coincident on the sample plane. Scale bar 500 µm.

As a further test the resolving power of the system was measured by imaging a 1951 USAF
resolution test target (R1DS1P, Thorlabs) onto both detectors to record the resolving power
at various magnifications. Subsequently, the capability of the system to record time-resolved
measurements was checked. This was done by measuring the lifetime FITC solutions (F4274
and F7250, Sigma Aldrich) and fluorescein sodium salt (F6377, Sigma Aldrich). The
measured lifetimes are shown in Figure 4.3.
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Fluorescent species
Figure 4.3 Lifetimes of fluorescent species as measured on the MF32. Lifetimes of highly pure FITC (F4274), lower
purity FITC (F7250) and fluorescein sodium salt (F6377). Error bars denote standard deviation (n=10).
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The average lifetimes of the three fluorescent species were found to be (3.88 ± 0.05) ns, (3.75
± 0.07) ns and (4.59 ± 0.25) ns for the highly pure FITC, lower purity FITC and fluorescein
sodium salt respectively (n=10). The high purity FITC showed a close group in lifetime
whereas the lower purity had a broader grouping. This shows the capability of the system to
measure monoexponential decays.

4.1.3

Analysis methods

Data were analysed using a custom Matlab scripts derived from DecayFit 1.3 92–95 to extract
pixel lifetimes. Each pixel was fitted with an exponential decay with Levenberg-Marquardt
fitting96,97. The Levenberg-Marquardt method is a technique used to solve nonlinear least
square problems. These problems result from fitting a parameterised function to a set of data
points, in this case applying an exponential fit to the photons detected by the SPAD array.
The method attempts to minimise the sum of the square of the errors, χ2, between the data
points and the function. The χ2 value represents the "goodness-of-fit" of the method and is
repeated iteratively to optimise the model parameters. Figure 4.4 shows an example of an
arbitrary pixel fitted using this method. It can be noted from the decay data that there is a
cyclic pattern to the noise of the decay, on top of Poissonian noise, that arises from the eightphase ring oscillator found in the timing elements of the MF32. This is in part due to
uncorrected differential and integral non-linearity. Differential non-linearity (DNL) reflects
the difference between an actual step and the ideal value. In practice the temporal width of
each of the eight steps in the ring oscillator can differ, leading to some steps acquiring higher
numbers of counts. To calculate DNL for the eight steps a histogram derived from a nontime correlated light source must first be reduced down to eight time bins (by summing every
eighth time bin, i.e. for bin 0 add bin 0, bin 8, bin 16 etc, for bin 1 add bin 1, bin 9, bin 17
and so on. The DNL can then be calculated as follows:
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And a correction factor can be calculated for each bin with:
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The corresponding correction factor can then be applied to each step to scale the bin
intensity value. Integral non-linearity (INL) is a measure of the performance of the time to
digital conversion (TDC) on the MF32. It can be measured by recording an instrument
response function (IRF), i.e. allowing pulsed illumination light onto the sensor, then
recording a delayed IRF (with known delay, e.g. implemented with longer cable length). The
centre of mass (CM) can then be found for both IRFs, and an average bin time calculated as
follows:
𝐴𝑣𝑔. 𝑏𝑖𝑛 𝑡𝑖𝑚𝑒 =

“FO”F WT•X– SVUT
d—/ad—1

(4.3)

Where CM1 is the centre of mass of IRF1 and CM2 is the centre of mass of IRF2. Using
this and the DNL the temporal width of each time bin per pixel can be found:
𝐵𝑖𝑛 𝑤𝑖𝑑𝑡ℎV› = œ𝐷𝑁𝐿V› + 1•𝐴𝑣𝑔. 𝑏𝑖𝑛 𝑡𝑖𝑚𝑒›

(4.4)

Where i represents the pixels from 1:1024, and j represents each time bin from 1:1024. This
allows the TDC to be mapped to an absolute time for each pixel, correcting for INL.
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Figure 4.4 Example of a monoexponential decay, fit to an arbitrary pixel recorded from green fluorescent beads
submerged in 0.5% agarose gel.

It must also be noted that the MegaFrame32 is still an engineering camera, and as with all
camera suffers from ‘hot pixels’, though unlike with many commercial cameras this effect is
not accounted for. Furthermore, this effect appears more prominent in some of the MF32
cameras due to differences in the PCB manufacture and iteration of chip design. During the
fitting process these pixels can return a non-real lifetime, i.e. a value cannot be calculated for
the pixel due to insufficient counts, or the value is order of magnitudes away from the
expected ns range and is automatically rejected and are labelled as NaN (not a number)
lifetimes in the array. To minimise the effect of ‘hot pixel’ values on the image, a median
filter was applied to each data set recorded. The effect of this filter is as shown in Figure 4.5.
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Figure 4.5 Lifetime measurement of a solution of FITC. (a) Raw fitting of MF32 data and (b) with a median filter
applied. Images are false coloured to represent lifetime, scale from 2-5 ns.

Applying a filter in this manner yields a more consistent image, though the inconsistent
lifetimes that appear near the edge of the image remain as artefacts. For quantitative
measurements, the edge columns and rows were excluded, resulting in in a 30x30 matrix
instead of a 32x32. Applying a min/max filter to identify the inconsistent values and
interpolating between nearest neighbouring pixels has a similar effect.

Following the measurement of monoexponential decays, the capability of the system to
measure fluorescence quenching, and subsequently FRET was measured. Fluorescence
quenching is observed when the lifetime of a fluorophore is reduced and is caused by an
enhancement of non-radiative relaxation. If a fluorophore is in the presence of a heavy ion,
ions such as Br- and I- increase the probability of intersystem crossing. Triplet emission
following an intersystem crossing is generally very slow, resulting in the level of fluorescence
being quenched by other processes. Collisional quenching such as this can be described by
the Stern-Volmer equation, given by:
I$
I

= 1 + 𝑘Ÿ 𝜏7 [𝑄]

(4.5)
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where F0 and F are the original and reduced fluorescence intensities in the absence and
presence of a quenching agent, kq is the quenching constant, τ0 is the lifetime of the
fluorophore and Q is the concentration of the quenching agent. To measure this a solution
of FITC (F4274, Sigma Aldrich) was imaging onto the MF32. Then a solution of potassium
iodide (KI) was added to the FITC solution in a stepwise fashion with increasing molarity
from 0 M up to 0.3 M in 0.01 M increments. The inverse lifetime was then plot as a function
of the molarity to extract the quenching constant as per the Stern-Volmer equation.

Figure 4.6 Quantification of the ability of the SPIM-FLIM system to measure quenching. Potassium iodide was
added to a volume of FITC solution in increasing molarity. An increase in the shortening of lifetime of FITC is observed
with increase in concentration of potassium iodide. Data points shown increase from 0 M to 0.31 M, with error bars
representing the standard deviation. Dotted line represents a linear regression fit to the data with an R square value of 0.991.
n = 3.
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Figure 4.5 shows the quantification of the SPIM-FLIM system to measure quenching, and
subsequently show the capability to measure FRET. An increase in the concentration of the
quenching agent, KI, in the presence of FITC dissolved in PBS, causes an increased
shortening of the measured lifetime. The biomolecular constant, kq, was measured to be (1.46
± 0.03) ns-1M-1 and τ0, given by the intercept, to be (4.19 ± 0.07) ns. This value is larger than
the published value of 4 ns98,99, though average of the measured values in the absence of a
quenching agent was closer to the published value at (4.04 ± 0.20) ns.

4.1.4

Initial imaging

Implementing a new technology into any system new or well established is a challenging task.
When this is a pre-market piece of equipment the difficulties that arise can compound greatly.

Figure 4.7 Initial imaging performance of the SPIM-FLIM system. (a) Autofluorescence image of cushaw root xylems
acquired on Andor Neo sCMOS camera. (b) Corresponding time-resolved image of cushaw xylems, recorded on the MF32.
Scale bar 250 µm.

Figure 4.7 shows an image of a cross section of cushaw root, with (a) showing the intensity
image acquired on the Andor Neo sCMOS with 50 ms exposure, and (b) the time resolved
image acquired on the MF32, 20 s acquisition and represents some of the individual issues
that can arise when working with newly developed engineering cameras. The first thing to
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note is the large proportion of ‘hot pixels’. ‘Hot pixels’ are expected in all imaging sensors.
Each manufacturer will have their own tolerances of expected underperforming or nonfunctioning pixels. Andor100, for example allows only 60 ‘hot pixels’ per million pixels
whereas, the rate of ‘hot pixels’ present in the MF32 is in the region of 10%. This leads to
increased difficulty in attaining optimal images. This issue has already been addressed in
Figure 4.5 and can be somewhat accounted for by applying a suitable filter to the data set.
This is still not ideal as it results in a loss in pixel resolution on the edge. It is also hampered
by areas densely packed with ‘hot pixels’ given the process used to reduce their impact.
Another stand-out aspect of Figure 4.7 is present in the lower left corner, where two half
rows are not functioning correctly. This can be a result of the manufacture process in the
imaging sensor or can be caused by imperfect connections or damage to connections on the
MF32 sensor, its printed circuit board, or the control electronics. Given the low pixel count
of the MF32 it is not possible to correct for this blemish. Instead it is essential to find the
root cause and replace any defective components and resit all the connections to ensure the
camera is operating at its optimum. These issues were addressed and are overcome in the
following sections.

4.2

Cellular imaging

To draw parallels with the work presented in chapter 3 imaging was also carried out on a
single cell level. The same U2OS cells p21-GFP tagged cells and p21-GFP and FMN2mCherry tagged cells were imaged on the SPIM-FLIM system.

4.2.1

Sample preparation

Live-cell imaging on the SPIM-FLIM system is currently not possible as the system is not
equipped with an environmental controlled chamber. Cells were prepared in a manner
suitable for immunohistochemistry as per section 3.3.3. Additionally, instead of mounting
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the cover slips onto glass slides they were mounted onto square coverslips. This optimised
the imaging light-path of both detection arms.

4.2.2

Single cell imaging

The fluorescence lifetime imaging capability was provided by the on-chip TCSPC electronics
and FPGA of the MegaFrame32. In practice, laser power and acquisition time was adjusted
to give a mean photon count rate such that the peak of decay curve had 100 counts. As a
general rule, a peak decay count of 100 photons yields approximately 1000 total counts under
the decay curve, which is sufficient to resolve a fluorescent system composed of two
components43 using least squares methods101. This practice is employed in preparation for
future FRET based work. As a result of fluctuations in fluorescence intensity this resulted in
acquisition times ranging from 15-30 s dependant on sample.

4.2.3

Results

The average measured lifetime of the control p21-GFP cells was 2.95 ns. This is remarkably
longer than the live cell measurement of 2.2 ns, which is in line with the expected value of
free GFP (approximately 2.3 ns).
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Figure 4.8 SPIM-FLIM imaging of p21-GFP tagged U2OS cell. (a) Fluorescence based image of a p21-GFP tagged
U2OS cell. Scale bar 20 µm. (b) Corresponding false-coloured FLIM based image recorded on the MF32. Scale bar 10 µm.
Colour bar 1.5 – 4.5 ns.

These lifetime measurements were then compared to those recorded on a confocal
microscope equipped with FLIM-FRET capability with illumination in the visible range.
Measurements were acquired using a confocal Zeiss LSM710 equipped with a 40× oil
immersion lens 1.3 NA EC Plan-Neofluar objective (Zeiss) at room temperature with
pinhole set to 1AU. Single photon excitation was used as a direct comparison to the SPIMFLIM system and was achieved using a continuously tuneable visible laser (InTune) laser set
to 488 nm, that provided picosecond pulses at a 40-Mhz repetition rate with a max power of
5.0 mW. Enhanced detection of the emitted photons was enabled by a GaAsP hybrid
detector (HPM-100-40, Becker & Hickl).
The average lifetime of the cells measured on the confocal system was 1.74 ns. A noticeable
reduction in lifetime, compared to the measured lifetime of the 2.2 ns of the p21-GFP live
control cells. Though a reduction in lifetime is expected when recorded data from fixed cells
as opposed to live cells measurements102,103, as a result of the fixation process. It was not
possible to quantify the expected change in lifetime, this is not only due to the fixation
process, but the lifetime also varies due to the age of the samples post fixation.
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Figure 4.9 SPIM-FLIM imaging of U2OS cells co-expressing p21-GFP and FMN2-mCherry. (a) Fluorescence based
image of the p21-GFP channel of the tagged U2OS cell. Scale bar 20 µm. (b) Corresponding false-coloured FLIM based
image recorded on the MF32. Scale bar 10 µm. Colour bar 1.5 – 4.5 ns.

A similar course of imaging was taken to measure the lifetime of cells expressing both p21GFP and FMN2-mChe, those measured to exhibit FRET. Here the average cellular lifetime
was measured to be 2.88 ns, a shorter lifetime than the 2.95 ns recorded for the control cells,
though again much higher than the live cell measurements. When compared to the average
lifetime, 1.58 ns, as measured on the visible FLIM-FRET confocal microscope, again it is
noticed that this is shorter than the live cell measurement, again expected due to the process
of fixation.

4.3

Imaging of Zebrafish

Zebrafish, a well-established model in light sheet microscopy, yield several advantages as a
model organism, including rapid development, amenability to genetic modification, low cost,
and high off-spring yield104,105. Yet the aspect that makes Zebrafish so useful in microscopy
is their optical transparency. Imaging zebrafish on the SPIM-FLIM system presents its ability
to image large samples, and shows its compatibility with developmental biology, a field in
which light sheet-based systems are a staple.
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4.3.1

Sample preparation

Zebrafish were provided by Dr. Sarah Wade, Prof Ursula Fearon group, Trinity College
Dublin, Ireland. For imaging the zebrafish were mounted between two glass coverslips to
enable comparable imaging from both detection arms of the system. A custom glass slide
holder was 3D printed and enabled mounting as a normal glass slide.

4.3.2

System adaptation for large sample imaging

Due to different size scales when imaging large versus small samples it was required to make
some changes to the light sheet generated for each imaging set-up. This was done primarily
to optimise the height of the light sheet for the large versus small samples, while trading off
with the thickness and Rayleigh range for each sample.

4.3.3

Zebrafish imaging

Transgenic zebrafish expressing EGFP-tagged Fli1, enabling the ability to track blood vessel
formation106 were imaged using the above SPIM-FLIM system. The fluorescence lifetime
imaging capability was provided by the on-chip TCSPC electronics and FPGA of the
MegaFrame32. In practice, laser power and acquisition time was adjusted to give a mean
photon count rate such that the peak of decay curve had 100 counts. As a general rule, a
peak decay count of 100 photons yields approximately 1000 total counts under the decay
curve, which is sufficient to resolve a fluorescent system composed of two components43
using least squares methods101. This practice is employed in preparation for future FRET
based work. As a result of fluctuations in fluorescence intensity this resulted in acquisition
times ranging from 10-15 s, dependent on sample.
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Figure 4.10 SPIM-FLIM imaging of zebrafish head, focusing on the eye. (a) Fluorescence based slice of the zebrafish
head. (b) The corresponding intensity-based image as recorded on the MF32. (c) The time resolved image recorded from
the MF32. Scale bar 100 µm.

The zebrafish yielded a lifetime of (2.09 ± 0.07) ns when averaged across the entire
vasculature of the body, while a shorter lifetime of (1.71 ± 0.10) ns was measured in the
dense vasculature deep in the eye.
As a comparison, the same transgenic Zebrafish were imaged on a confocal microscope. The
acquisition time of the confocal data set shown in Figure 4.11 was 25 minutes. To acquire
the equivalent FLIM-FRET data set would have taken approximately 6 and a quarter hours,
given a single scan of the confocal data set took under 2 s while a single FLIM image would
have taken upwards of 30 s, a feat which is simply not practical nor feasible for equipment
use.

Figure 4.11 3D projection of three-dimensional data set of a transgenic zebrafish expressing fli1-GFP, acquired
on a confocal Zeiss LSM710. Scale bar 500 µm.
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Instead single plane images of the zebrafish were acquired on the same confocal system
equipped with FLIM-FRET capability. Measurements were acquired using a confocal Zeiss
LSM710 equipped with a 20x NA 1.5 EC Plan-Neofluar objective (Zeiss) at room
temperature with pinhole set to 1AU. Single photon excitation was used as a direct
comparison to the SPIM-FLIM system and was achieved using a continuously tuneable
visible laser (InTune) set to 490 nm, that provided picosecond pulses at a 40-Mhz repetition
rate with a max output power of 5.0 mW. Enhanced detection of the emitted photons was
enabled by a bh HPM-100-40 GaAsP hybrid detector (Becker & Hickl).

Figure 4.12 Confocal and corresponding lifetime-based image as recorded on confocal FLIM-FRET system. (a)
Confocal image of zebrafish head showing vasculature. (b) The corresponding lifetime-based image showing a shorter
lifetime in the vasculature of the eye compared to superficial vasculature. Scale bar 100 µm.

The fluorescent lifetime of the zebrafish imaged was found to be (2.02 ± 0.05) ns on average,
while the shorter vasculature of the eye was recorded to be an average of (1.88 ± 0.12) ns.
The average superficial lifetime was with the range recorded on the SPIM-FLIM system,
while both systems noted a shortening of lifetime in around the vasculature of the eye.
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4.4

Discussion

FLIM-FRET is a well-established technique that has a number of uses, especially in life
sciences related fields. TCSPC based techniques are of interest as they utilise the timeencoded data in individual photons, and have yielded the technique to be the ‘gold standard’
of lifetime imaging. Yet as we progress to investigating more complex and larger samples it
has some drawbacks. The acquisition time of a TCSPC FLIM-FRET system is often
considered a bottle neck as many detection regimes rely on an individual single photon
sensor, leading to slow scanning of an individual image, let alone a volume. However,
advancements in single photon detector technology, combined with alternative imaging
techniques may prove an alternative to traditional TCSPC FLIM-FRET. This work presents
one such approach at establishing an alternative technique in a TCSPC SPIM-FLIM
microscope.
This SPIM-FLIM work here presents such a system. The system has been shown to function
as intended as it is capable of resolving monoexponential decays of single fluorescent species,
as well as being capable to differentiate the lifetimes of these fluorescent species when
fluorescing normally and when they are being quenched. Furthermore, the system is capable
of simultaneously imaging 1024 pixels in a widefield manner, as opposed to a single pixel
being scanned across the sample. This can vastly decrease the image acquisition time
compared to scanning techniques.
However, this is still limited to small arrays, resulting in lower resolution images when
compared to current state-of-the-art scanning techniques, as shown by the disparity in
imaging onto an sCMOS camera and the MF32 in both the zebrafish and U2OS imaging.
While the lifetime measurements of the zebrafish agree, there was a clear disagreement in
the lifetimes recorded for both the control p21-GFP and co-expressing p21-GFP and
FMN2-mCherry U2OS cells.
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Often the likely answer for longer fitted lifetimes than expected arise from improper fit
caused by high levels of ambient light. During operation of the SPIM-FLIM system every
measure was taken to reduce the ambient light in the system by isolating and optimising light
paths, covering any unnecessary light sources, such as LEDs, and remotely controlling the
system where possible. Another likely cause of longer lifetimes may be an issue with the use
of higher repetition rates (80 MHz), which can ultimately cause the fluorescence decay to be
incomplete. This was unavoidable and could not be investigated further as the MF32 in use
was only functioned at 80 MHz and no imaging could be carried out to compare lower
operating frequencies. If this is the cause it may also be convolved with operating the
PicoQuant laser at higher power. When the laser is used at higher power the laser pulse
temporally widens, which in turn will inevitably have an effect on the fluorescence decay. In
the case of imaging the U2OS cells the fluorescence intensity of the cells was quite low. To
counteract this a longer acquisition time and higher laser power were used. This longer
acquisition time will also have contributed to higher ambient light being collected in the
system contributing to noise. Errors arising from uncorrected DNL/INL may also
contribute to this and highlight the necessity to correctly calibrate each individual chip prior
to running thorough experiments. It is highly unusual that such a considerable increase in
lifetime was observed in the single cell samples. A shortening of the lifetime would have
been expected due to the increasing age of the samples, especially given as many other
variables remained as constant as possible, including sample preparation, acquisition
temperature, mounting media, for both FLIM imaging modalities.
Nonetheless, the system has shown its current capability to image both small, single cell
samples, and large volumetric samples as well as being capable of resolving variations in
lifetime due to the presence of quenching agents. It marked a change in lifetime in the
vasculature of zebrafish and noted a shorter lifetime in U2OS cells shown to undergo FRET,
albeit this was a relative shift.
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Most encouragingly this works shows the promise of using new technological developments
to overcome what may be considered bottlenecks or limiting factors of these techniques.
With the continued development of these sensor arrays and more advanced forms and
coordinated illumination of samples future light sheet based FLIM systems will be of great
interest.
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Chapter 5
Polarised Light sheet Tomography107
The ability to use fluorescence is invaluable in microscopy; however, it is not the only means
of enabling contrast nor is it always the most convenient to implement. In episcopic
microscopy108 the image recorded is composed of reflected light. Further information can be
encoded in the technique if a polarised light source is used for illumination and an analyser
is employed in the detection pathway. The degree of polarisation of light decreases with each
scattering event. This information has been used by Backman et al to distinguish between
singularly and multiply scattered light in polarised light scattering spectroscopy109. This is
possible by employing a cross-polarisation imaging regime between the sample and the
observer to distinguish between singularly and multiply scattered light. Soon after the advent
of Backman et al’s technique a similar principle was employed in the field of polarisation
microscopy19,110 with the technique remaining key in biomedicine and diagnostics today111.
Though this relies on the scattering events occurring in the same plane. Light-sheet
microscopy has employed a similar technique to image in situ plant root growth of lettuce
root development112, and in droplet imaging113,114, in that they detect scattered light. The
scattering that allows imaging in this type of set-up can both contribute towards the
formation of the image when it originates from the sample in the focal plane and is directly
imaged on the sensor. However, multiply scattered photons can equally contribute to the
image in a negative manner and degrading the image. Noise in an image recorded in this way
originates from these multiply scattered photons. Polarisation has been used to filter out
these photons these multiply scattered photons19, though its effect in an orthogonal system
is yet to be thoroughly studied, or implemented.
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The work in this chapter will look to investigate the effect of enabling a level of polarisation
control on a LSM system. Given the angular dependence of some types of scatterers, it is
expected that LSM systems will benefit from the implementation of polarisation control.
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5.1

Principles of polarised imaging

As light travels through a medium it can be absorbed or scattered. With increasing turbidity,
the media will have a larger effect on the amount of scattering that light experiences. If light
with an initial linear polarisation passes through such a medium it will experience
depolarisation as in Figure 2.9. This can be used in certain biomedical applications, in these
techniques, a linear polariser is implemented for illumination and an analyser, positioned
orthogonally, is used in the detection of such a system. A cross-polarisation configuration
such as this can distinguish between tissue types, and is of particular use in skin related
imaging19,115,116. Unlike conventional polarised light microscopy where forward scattering is
predominated by anisotropic Mie scattering, photons scattered in a light sheet-based system
are detected orthogonally. Typically side scattering as a result of small particles is subject to
Rayleigh scattering, which is highly dependent on both the linear polarisation of the incident
light and its wavelength117.

Figure 5.1 Polarisation of sunlight by scattering. Light scattered at right angles by the molecule is always strongly
polarised with its electric vector perpendicular to the incident light direction.
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Rayleigh scatter also describes the Rayleigh sky model, explaining why the sky is blue, which
occurs when shorter wavelengths of the suns light are scattered and polarised perpendicularly
on atmospheric molecules. Direct reflections are also subject to polarisation effects with the
degree of polarisation dependent on the roughness of the surface118. Both Rayleigh scattering
and specular reflections have little impact on a conventional polarised light microscope,
however when imaging off axis, such as in a light sheet-based system they greatly impact the
intensity of the image. Therefore, employing a polariser/analyser combination into a light
sheet system can selectively filter light contributions from Rayleigh scatterers or specular
reflections, consequently increasing contrast when imaging highly scattering samples.

5.2

A polarised light sheet microscope

A SPIM system based on using fluorescence was previously presented in Chapter 4. By
altering this system, it is possible to employ it for use with polarisation optics.

5.2.1

System adaptation

The polarised light sheet tomography (PLST) system was intended to image larger samples
than the SPIM-FLIM system described above. This led to changes in the choice of light sheet
generation, though the use of the optics demonstrated above are not limited to a
fluorescence-based system and are equally useful in a scattering approach. As a longer light
sheet was required, a simpler system consisting of just a Powell lens in combination with a
singular cylindrical lens was used. This is still advantageous to using a cylindrical lens alone
as it overcomes the issues of non-uniformity in the light sheet.

90

Figure 5.2 Profiles of light sheets generated using (a) a cylindrical lens alone, and (b) using a cylindrical lens in
combination with a Powell lens. Scale bar 100 µm.

Using these optics, it was possible to maintain the light sheet thickness but over a larger
height, in doing so redistributing the intensity over a larger area, Figure 5.2. Using this
approach, the light sheet generated was 22 µm thick, with a theoretical Rayleigh range of 0.56
mm.
In addition to this polarisation optics must be employed in both the illumination and
detection axes. This is achieved by inserting a suitable half-wave plate into the illumination
axis and a polarising beam splitter for detection. A schematic of the optical path of the PLST
system is as described in Figure 5.3. A multi-wavelength Ar-Ion laser (2211-65MLQYV,
JDSU) was aligned and expanded by a collimating telescope. The orientation of the linear
polarisation and the intensity of the beam was controlled with a zero-order half-wave plate
(WPH10M-488, Thorlabs) and a linear polarisation filter (05 WL 25, Comar Optics). A
Powell lens (1-PL-1-B9101, 10° fan angle, Altechna) was used here to fan out the beam,
which was then focused onto the sample by a cylindrical lens (LJ1212L1, f=30 mm,
Thorlabs). To reduce the potential effects of polarisation aberrations caused by high
numerical aperture optics119 low numerical aperture objectives were chosen (Plan Apo
5x/0.14 or 10x/0.28, Mitutoyo) for detection. These objectives boast a large field of view
with a large working distance120 adding to their suitability for large millimetre sized samples.
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A rotatable polarising beam splitter (CM1-PBS251, Thorlabs) acts as an analyser in front of
the tube lens and the sCMOS camera (Neo 5.5 sCMOS, Andor).

Figure 5.3 Schematic of the PLST system. ND – Neutral density filter, CT – Collimating telescope, λ/2 – Half wave
plate, PF – Polarising filter, PL- Powell lens, CL- Cylindrical lens, Obj – Detection objective, PBS – Polarising beam splitter,
TL – Tube lens.

The illumination laser power was recorded with a power meter (PM100D with S121C head,
Thorlabs). Sample movement was controlled by 3 independent orthogonally mounted microtranslation stages (M111.12S, Physik Instrumente). The system was controlled through
microManager91 and images acquired were analysed in Fiji80 and MATLAB (MathWorks,
Inc.). Linear polarisation in the xz-plane is defined as parallel, P, while polarisation
orthogonal to this, parallel to the y-axis, is defined as perpendicular, S.

5.3

Imaging through turbid media

Imaging in tissues is challenging due to increasing scattering effects with depth. This is
further complicated with increasing complexity and turbidity of the sample. It is estimated
that light sheet imaging in human skin is limited to round trip distance of 300-400 µm121.
Beyond this depth, the light sheet is degraded, adding to the scattered light afflicting the
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image. To investigate the impact of various polarisation configurations on light sheet
tomography a series of reflecting and absorbing targets were imaged in a scattering phantom.

5.3.1

Gelatine based phantom

To investigate the effects of polarisation on a light sheet tomography system a suitable
phantom based on gelatine was formed. Gelatine is commonly used in phantom design as it
can be used to replicate real tissue characteristics. It is a mixture of proteins and peptides,
formed by the partial hydrolysis of collagen. Gelatine samples of 15% w/v in water were
prepared forming an anisotropic matrix. To increase complexity of the phantom, 4% v/v
milk, a highly scattering emulsion of proteins and lipids, with 2% fatty acids was added to
gelatine.
As a measure if the degree of polarisation through a 1.5 mm volume of the sample the
phantom was illuminated with both parallel and perpendicularly polarised 488 nm light. The
intensities of transmission and orthogonal scattering was recorded through the volume. The
transmission polarisation decayed independent of the illumination polarisation, with both
completely depolarised. The orthogonal scattering showed that the parallel polarised light
remained somewhat polarised with 57% of the light remaining parallel polarised. When
illuminating with perpendicularly polarised light it was found that 73% of the light remained
perpendicularly polarised. The higher retention of polarisation is explained by the strong side
scattering nature of Rayleigh scattering. It allows for contrast not normally accessible with
episcopic detection.

5.3.2

Reflecting targets in gelatine phantom

Not all samples are simple volumes of scatters, many include both highly reflecting and
diffuse objects. To simulate a more complex phantom 0.1 ml of 2.1% w/v, 100 µm nominal
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diameter, polymer microspheres in water (Dukes Standards 4310A, Thermo Scientific) were
immersed in 0.1 w/v gelatine.

Figure 5.4 Images of microspheres immersed in a gelatine medium captured by polarised light sheet
tomography107. (a) Perpendicular illumination with non-analysed detection, ISN. (b) Parallel illumination with non-analysed
detection, IPN. (c) Perpendicular illumination with co-polarised analyser, ISS. (d) Parallel illumination with cross-polarised
analyser, IPS. (e) Perpendicular illumination with cross-polarised analyser, ISP. (f) Parallel illumination with co-polarised
analyser, IPP. The first letter in nomenclature is with respect to the illumination axis, while the second letter is with respect
to the detection axis. Scale bar 100 µm.
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The microspheres behave as diffusely reflecting imaging targets and are imaged with a
combination of illumination and detection polarisation configurations, Figure5.4, where the
intensity of light measured is designated with N, S or P for non-polarised light,
perpendicularly polarised light, and parallel polarised light respectively. Figure 5.4 (a-f) show
images of four polymer microspheres submerged in a 0.1% w/v gelatine. Microspheres were
imaged with 488 nm light using different polarisation configurations. Laser power was
adjusted to the provide the same effective dynamic range for each polariser/analyser
configuration. Images recorded with a perpendicular co-polarised configuration suffer from
a high background arising from Rayleigh scattering occurring in the medium Figure 5.4 (c).
This background is reduced when employing a perpendicular/parallel cross-polarised regime
Figure 5.4 (d). However, as this is a cross-polarised configuration higher laser was required.
Illuminating the sample with parallel-polarised light yields lower background, with little to
no background in a parallel co-polarised set-up Figure 5.4 (f). Each image was analysed to
quantify the signal of the sphere to the background noise. To do this an annulus mask was
applied to each microsphere. The mean value of the signal from each of the configurations
was then divided by the mean of each of the respective background signals.

Detection

Illumination
Perpendicular
Parallel
Unpolarised

a

1.7

b

8.2

Perpendicular

c

1.2

d

10.9

Parallel

e

26.9

f

68.5

Table 5.1 Signal to noise ratios of each of the polarisation configurations, calculated from Figure 5.4. Each value
represents the ratio of the signal of four averaged annuli divided by an average of the background noise. (a) Perpendicular
illumination with non-analysed detection, ISN. (b) Parallel illumination with non-analysed detection, IPN. (c) Perpendicular
illumination with co-polarised analyser, ISS. (d) Parallel illumination with cross-polarised analyser, IPS. (e) Perpendicular
illumination with cross-polarised analyser, ISP. (f) Parallel illumination with co-polarised analyser, IPP.

Illuminating with unpolarised light yielded a signal to noise on par with illuminating
perpendicularly-polarised light, though illuminating with parallel light had a signal to noise
over twenty times higher using perpendicular detection. Using parallel detection found a six-
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fold increase in the signal to noise using parallel illumination over perpendicular. The greatest
contrast was found in parallel co-polarised imaging, which benefits from higher image
intensity at lower laser power.

5.3.3

Noise reduction by continuous scanning

A further test of the system imaging of more complex absorbers was achieved by submerging
polyurethane foam rubber in the gelatine phantom. Red coloured polyurethane foam rubber
was immersed in 0.15 weight/volume gelatine and 4% volume/volume milk with 2 % fatty
acids. A three-dimensional stack of the polyurethane, spaced at 10 µm was recorded using
three wavelengths, 488, 514 and 633 nm light. The JDSU Ar ion laser provided illumination
at 488 and 514 nm. A 633nm HeNe laser (1135P, JDSU) was co-aligned to the Ar ion laser
and used to image at 633 nm. For comparative purposes, the illumination power was
measured and maintained at 0.4 mW for each imaging configuration.
Figure 5.5 shows a representative image of polyurethane imaged using parallel polarised light
for illumination with three different colours, and detected with no polarising filter in place,
a co-polarised and a cross-polarised configuration. Images were normalised, and a false
colour applied to each wavelength representative of the illumination wavelength.
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Figure 5.5 Parallel polarised illumination of polyurethane foam rubber, imaged using a multi-wavelength
polarised light sheet tomography system. Images are normalised and false coloured with respect to the illumination
wavelength. (a) 488 nm parallel-polarised illumination with unpolarised detection, IPN, (b) 514 nm parallel-polarised
illumination with unpolarised detection, IPN, (c) 633 nm parallel-polarised illumination with unpolarised detection, IPN, (d)
488 nm parallel-polarised illumination with co-polarised detection, IPP, (e) 514 nm parallel-polarised illumination with copolarised detection, IPP, (f) 633 nm parallel-polarised illumination with co-polarised detection, IPP, (g) 488 nm parallelpolarised illumination with cross-polarised detection, IPS, (h) 514 nm parallel-polarised illumination with cross-polarised
detection, IPS, and (i) 633 nm parallel-polarised illumination with cross-polarised detection IPS. Scale bar 200 µm.

In this case, the red polyurethane absorbs the blue and green light, while it reflects the red.
This is evident from the set of unpolarised detection images. The apparent dark strands of
the foam are visible with blue and green light, while when imaged with the red light the foam
is washed out, suffering from the additional Rayleigh scattered light. All colours benefit from
both the co- and cross-polarised regimes, while the co-polarised system, the same
configuration shown to have best performance imaging microspheres above, provides the
best visual contrast. Again, a cross-polarised set-up suffers from lower intensity, meaning
higher laser power would be required in some scenarios.
The images in Figure 5.5 are less than optimal due to the presence of high speckle noise
levels. This in turn greatly affects the ability to convert a stack of images into a representative
three-dimensional data set. One means of noise reduction investigated as part of this work

97
was to deliberately blur the image in a controlled manner122. This can be done by recording
each image as the stage is translated continuously through the sample. In doing so the overall
speckle is averaged. Figure 5.6 shows such an example where the stage was moved at a
constant velocity of 0.25 mm/s with a set exposure time of 50 ms. Hence, each singular
image in the stack of data was captured over 12.5 µm of the polyurethane.

Figure 5.6 (a) Axial projection, (b) topology, and (c) three-dimensional extended depth of field reconstruction
of an absorbing polyurethane foam phantom. Phantom was imaged using parallel co-polarised optics, IPP, on a
polarised light sheet tomography system. Scale bar 200 µm.
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By analysing the stack with the Extended Depth of Focus plug-in in ImageJ, which applies a
complex wavelet transform fusion algorithm123, it is possible to use the intentionally blurred
images and extract axial information. The complex wavelet transform fusion algorithm works
by identifying the in-focus sections of each image and fusing them to create one composite
image. Figure 5.6 (a) shows the axial projection of the data stack, Figure 5.6 (b) the
corresponding topology, with Figure 5.6 (c) showing the resultant surface map of the foam
phantom formed from the fusion algorithm. The continuous scanning mean-filters the image
stack in the z-dimension during acquisition, which improves image quality and increases the
frame rate, but comes at the cost of reduced axial resolution.

5.4

Discussion

Imaging in complex samples, such as tissue or large organisms are largely affected by
scattering and aberrations which can degrade image quality and reduce contrast. Imaging
these kinds of samples increases in difficulty when the samples are submerged or surrounded
a scattering medium. Polarisation control can be used to minimise these effects in
conventional polarisation microscopy where geometric and Mie scattering can have a large
detrimental effect. Similarly, polarisation can be equally as important in an orthogonal system
where Rayleigh scattering, which has a strong perpendicular polarising effect on incident
light, has a larger influence. The experimental results shown here and Monte Carlo based
models107 indicate that both depolarisation of light by scattering and diffusion can adversely
affect imaging capability. These effects can be reduced by employing polarisation optics to
reduce background noise and enhance image contrast.
LSM imaging of samples at 45° can be subject to high intensities of direct reflections on the
surface of the sample, which largely arise from photons that have undergone a single specular
scattering event. These reflections are not subject to a depolarisation and can be minimised
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by employing a cross-polarised set-up, enabling imaging deeper into the sample, akin to
supressing glare in photography.
Imaging absorbing samples with a polarised detection system can best benefit from a multiwavelength system given the strong dependence of Rayleigh scattered light on wavelength.
This attribute can also be utilised by imaging with multiple wavelengths and extracting
contrast from spectral absorption.
However, polarisation alone cannot overcome the result of large amounts of scattering in
turbid media. In this case, more complex techniques are required to reclaim image quality.
The PLST systems uses simple optical components and so can be easily implemented into
other systems. It is also compatible with fluorescence based systems, where other work has
implemented this technique in the imaging of chick embryos18 and would enable fluorescence
anisotropy measurements if implemented into the SPIM-FLIM system, given it another
potential in molecular imaging.
Polarisation based techniques rely on well understood theory and use techniques and
technologies that have been in place for numbers of years, yet the importance of polarisation
imaging is still driving technological developments. One such area is in detector
developments to include on-sensor polarisation control are becoming more accessible124.
This more readily enables a polarisation-based techniques.
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Chapter 6
Discussion and Conclusion
The field of microscopy is always developing, aided by new methods and, perhaps even more
so, new technological developments. Understanding and identifying critical protein-protein
interactions is just one of the key outcomes in biological research. It can help to confirm key
cellular interactions, which in some fields such as cancer research, can result in a greater
understanding of disease pathogenesis, elucidate mechanisms of therapeutic resistance and
development of new specific targets, leading to new methods of prevention and treatment.
FLIM-FRET imaging is just one of the tools used to carry out this line of research.

FMN2 has previously been identified as a protein that has a direct impact on the level of p21
and can therefore contribute to cellular responses that affect cell cycle arrest, and/or cell
death. Here FLIM-FRET was used to image and measure, for the first time, a direct
interaction between fluorescently tagged p21-GFP and FMN2-mCherry. A shortening of the
GFP lifetime was observed when in the presence of the mCherry acceptor, an occurrence
indicative of FRET. A large variation in the level of FRET was measured, which is likely to
have arisen because of changes in protein concentration at varying stages in the cell cycle.
This would be expected given the correlation of the two proteins and cell cycle arrest.
However, it is also possible that there may be other proteins protected by FMN2 and a more
robust study, accompanied by biological assays, would be of benefit to determine the effect
of cell cycle and whether FMN2 can bind to/protect other proteins in the human proteome.

Histone H2B is one of the five main histone proteins involved in the structure of chromatin
in eukaryotic cells. By tagging H2B with both GFP and mCherry it is possible to measure
chromatin condensation. Chromatin condensation studies are of great interest as the
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dynamic structure of chromatin modulates other nuclear processes, including transcription
and replication, by altering the packaging of DNA. This is a very three-dimensional process
so three-dimensional imaging aids our understanding of the process. However, as a dynamic
process it is also highly dependent on time, there is an acute need for four-dimensional data
sets. Chapter 3 shows an attempt to measure these highly complex processes in four
dimensions. It shows the capability of a confocal TCSPC FLIM-FRET system to measure
the level of interaction, via FRET, of HeLa cells fluorescently tagged with H2B-GFP and
H2B-mCherry. It showed an increase in FRET as the cell compacts, which is expected given
the closer proximity of H2B. Likewise during decompaction a decrease in FRET is observed
as the chromatin expands and reorganises moving through the cell cycle from telophase
through to interphase. Processing of this multi-dimensional data and the complexities that
lie in its interpretation is another task. Here an initial means to analyse and reconstruct this
information is presented in both three and four dimensions.

Though commercial systems yielded some success it particularly highlights the current
limitations of state-of-the-art multidimensional TCSPC FLIM-FRET microscopy
techniques. The aspect that stands out most is the time required for the acquisition of each
single frame. Each image took on average 60 s to acquire. For simple time lapse imaging this
may be sufficient to measure some long-lived biological processes. However, to measure a
process in three-dimensions this is not sufficient. For example, the entire mitotic process
(from prophase to telophase) lasts approximately 20 minutes. This means it is simply not
possible to acquire a correctly sampled z-stack of an individual mitotic phase, instead it is
likely that over the course of the stack multiple mitotic phases will be imaged. This adversely
affects the capability to carry out a detailed reconstruction. Many biological processes will
have passed in this time frame, reducing the utility of TCSPC techniques. It will force the
user to a trade-off between either temporal, i.e. time lapse or spatial resolution. It is also likely
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that in order to acquire sufficient z-sampling the cell will need to be imaged continuously in
that 20-minute period. This inevitably gives rise to increasing potential for photodamaging
or phototoxic effects on the cell. Nevertheless, it is possible to acquire full four-dimensional
data sets on current state-of-the-art systems, though it clearly highlights that there are areas
in which the technology is still lacking and would therefore benefit from innovative solutions
such as alternative imaging methods or new technologies to improve acquisition.

In addition to this, as our knowledge of a particular biological interaction develops so too
does the complexity of the biological system, up to a macroscopic level. This can lead to
further issues when trying to image fast processes, especially when using TCSPC based
techniques. Light sheet-based techniques have been widely used over recent years as they
allow the recording of these macroscopic events. LSFM has evolved to be a very capable and
dynamic technique, used for imaging single cells up to entire organisms with a range of subtle
and not so subtle differences. In some instances, it has even had FLIM capability
implemented, yet traditionally TCSPC FLIM-FRET and light sheet-based techniques have
not been compatible. Recent technological advances and developments in time-resolved
detectors allow an approach away from single point scanning TCSPC FLIM-FRET.

Chapter 4 demonstrates one approach via the implementation of a SPAD array. SPAD arrays
enable widefield TCSPC measurements, and so are aptly suited to work in a light sheet
environment, yet with the caveat that they are still somewhat in their infancy when compared
to other cameras. This is clear from a direct comparison between FLIM images acquired on
a confocal system and the SPIM system. Furthermore, the images recorded on this SPIMFLIM may not, at this stage, be as visually appealing as those recorded on similar timeresolved light sheet-based microscopes. Nonetheless the system still shows a viable approach
to TCSPC SPIM-FLIM with largely promising results. One area in which this is clear is the
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image acquisition time. The minimum acquisition time of the confocal TCSPC FLIM-FRET
images shown in this thesis was 30 s, which when imaging chromosomal change is not
sufficient. The images shown acquired on the SPIM-FLIM system were acquired in the range
of 10 – 30 s, comparable to other implementations of the MF3250,125. This is likely still too
slow to image chromosomal changes in three dimensions, yet is still very promising,
especially when taking into consideration the low fill-factor (1.5 % of the pixel surface area)
of the MF32.

The system presented here is, in essence, an optically simple approach, which potentially
makes for a very powerful and accessible technique. Though to truly benefit from this type
of approach the technology surrounding the SPAD arrays need more development before
the full potential can be realised. The shortcomings associated with the current generation
of SPAD arrays, such as small fill factor and low pixel counts, have been identified and are
being tackled with recent developments in single photon sensor technology126,127. In addition,
the semiconductor industry has begun to implement SPAD based sensors into mass products
which in turn will accelerate the development of SPADs. This will be further accelerated
when advancements in silicon based processes, such as three-dimensional integrated circuits,
become more common place128,129, driving new single photon detector arrays to the forefront.

It must also be noted that with increasing complexity of imaging, the amount of data and
level of complexity in handling and analysing it also increases accordingly. Each image
recorded on the MF32 is composed of 1024 individual channels, each with their own
response. For an optimal image this means each pixel must be analysed individually with its
with respect to its own response. Each image took from 15-60 s to analyse depending on the
quality of the exponential decay and the tolerances required for the fit. The time required to
analyse these data can be reduced by applying a global average response across the array but

104
can yield results containing inaccuracies and artefacts. Alternatively, by using increasing
computational power, for example via the implementation of parallel GPU processing, this
can be somewhat counteracted by parallelising the fitting process.

The SPIM-FLIM system demonstrates just one practical implementation, and proof-ofprinciple, of a SPAD array into a light sheet-based environment. SPAD arrays may benefit
more from implementation into other LSFM techniques such as into a DSLM or other
scanned light sheet. Furthermore, the current generation of SPADs with low pixel count
would benefit more by incorporation into a scanning system, such as Poland et al130, however
with an axially scanned lattice light sheet in synchronisation with the SPAD array in use.
Ultimately this technique, with the technology currently available would likely most benefit
from implementation in an adaptive optics, lattice light-sheet microscope (AO-LLSM), as
demonstrated by Liu et al131 with an axially scanned light sheet, similar in operation to that as
implemented by Poland et al83.

Scattering is a complex phenomenon, one that can add to or greatly reduce the capability of
a microscope as an imaging system. The lifetime of fluorescence is almost independent of
scattering events. However, this does not mean that illumination will be unaffected, or indeed
scattering or fluorescence-based imaging, especially in an orthogonal orientation and with
samples of increasing complexity. These effects are highly dependent on the type of
scattering that occurs, as shown with Monte Carlo based simulations107. This may indicate
that the light sheet is composed of light in a certain polarisation orientation. Phantom based
experiments show that depending on the nature of the sample, polarisation can also form a
key role when imaging with orthogonal scattering. Given the high dependence of Rayleigh
scattering on wavelength this attribute can also be utilised by imaging with multiple
wavelengths and extracting contrast from spectral absorption. However, the implementation
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of polarisation optics when imaging through highly turbid media cannot overcome large
amounts of detrimental scattering. In this case, dynamic averaging can aid in imaging while
in an optimal polariser/analyser configuration. This reduces noise and acquisition time, while
some three-dimensional information can be extracted using wavelet analysis. The Monte
Carlo model reinforces the measurements recorded on the PLST system and indicate that a
simple light sheet microscope can benefit from the implementation polarisation optics when
imaging reflecting or absorbing targets. Further work has implemented this technique in the
imaging of chick embryos18. The advances in imaging sensors have not solely been in timeresolved sensors. Detector developments that have recently come to the forefront also
include on-sensor polarisation control124. As with the increasing availability of SPAD arrays,
sensors with polarisation control are also becoming more accessible, making polarisationbased techniques, such as PLST, a more viable option.

Microscopy is, and likely always will be an essential tool in research. As technology develops
so too must the techniques to best utilise them. This thesis has demonstrated two new
methods involving multi-modal light sheet microscopy, that both use new equipment made
available because of technological developments and use traditional microscopic aspects in
a new regime. It outlines how to design, build and present the functions that show the
greatest promise for these systems. Both techniques presented in this thesis utilise aspects of
light not conventionally used in light sheet-based techniques. However, time-resolved
imaging, and polarisation control are well-established and regularly used in fluorescence
anisotropy studies. Further development of these systems and application of emerging
technologies could yield a system capable of competing and potentially outperforming
current LSFM-FLIM based techniques. The further implementation of polarisation control
into such a system would enable three-dimensional anisotropy based SPIM-FLIM
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measurements, which could be indispensable in researching molecular orientation and
mobility at a macroscopic level in developing organisms.
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Appendix I
Cell line creation
To investigate an individual biological process, it is often required to focus on an individual
protein and investigate its function and interaction with its surroundings. It can also be of
interest to alter or remove the protein and replace it with a fluorescently tagged version.
Identifying this protein, p21 in this case, and attaining the DNA sequence of the gene,
CDK1A, that encodes this protein can be the first step involved in stable cell line creation.

Vector consideration
To insert this gene into an organism an appropriate vector, a DNA molecule used as a vehicle
to carry foreign genetic information into another cell for replication and expression, must be
chosen. Choosing the right vector is fundamental to ensuring an experiments success. The
choice depends on several factors. First the intent of the vector must be identified, i.e. is the
aim to clone the DNA, and maximise the number of copies of the gene of interest or focus
on the insertion or removal of DNA fragments, or is the aim focussed on the expression of
the gene into mRNA or proteins. Second, the size of the vector must suit the size of the
DNA fragment of interest. Most vectors can be used with DNA fragments up to 15 kilo
base pairs, however beyond this size bigger vectors, with lower stability, transfection or
transformation efficiency should be used. Following this suitable markers and restriction sites
must be chosen. These must be chosen enable selectivity of the cell line but must be chosen
to minimise the potential for self-ligation. Additional factors such the requirement of
inducibility must also be taken into consideration at this stage.

DNA digestion
Once the gene and the vector are chosen the gene must be inserted into the vector. This is
carried out by cleaving the gene and vector using restriction enzymes to extract the DNA
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fragment containing the gene and opening the vector for insertion. Enzyme digestion was
using HindIII and NotI allowed this. 200 ng/µl of both the gene to extract the DNA
fragment insert and the vector to form the plasmid DNA in the presence of a cutting buffer
and sterile water in a water bath at 37°C. Gel electrophoresis in a 0.8% agarose gel was
utilised to visualise both the insert fragment and plasmid DNA, run at 110 V for 40-60
minutes, depending on fragment size, alongside a one kilo base pair marker. Ethidium
bromide staining allowed imaging under UV light. Note the restriction enzymes used will
depend on both the gene to be cut out and the restriction sites at the multiple cloning sites
of the vector and need not be the same for both. Additionally, concentration of agarose gel,
run voltage and run time will depend on the DNA fragment size.

DNA isolation
DNA fragments (not stained with ethidium bromide) can be extracted via gel purification
through a bind-wash-elute procedure. Briefly, the DNA fragments were excised carefully
from the agarose gel and dissolved in a buffer containing a pH indicator. This solution is
then filtered through a spin column in a table top micro-centrifuge. Nucleic acids are
adsorbed to the silica membrane filter in the column in high salt conditions attained from
the buffer, while impurities are washed away. After drying by centrifugation, the DNA is
eluted with a small volume of low-salt buffer ready for subsequent use. Note buffers used
and centrifugation speeds may vary dependent on manufacturer.

Ligation
With both the gene insert and the vector isolated they are ready for ligation. Both the vector
and insert DNA are added to an Eppendorf tube with ligase buffer, DNA ligase, and sterile
water. This is incubated at room temperature to allow the reaction to occur for 10 minutes.
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It is then transferred to a heat block at 70°C for 15 minutes to inactivate the ligase. Note
these times may vary depending on manufacturer’s instructions.

Transformation
The ligated DNA is now ready for transformation into chemically competent E. coli cells,
which both store and amplify the DNA. The competent cells are thawed on ice. Agar plates
containing appropriate antibiotic resistance (resulting from the vector choice above), are
removed from 4°C storage and allowed to warm to room temperature. 10 pg – 100 ng of
DNA is added to 50 µl of competent cells in a micro Eppendorf tube and gently mixed by
flicking the tube. The combination of cells and DNA are incubated on ice for 30 minutes.
The cells are then heat shocked at 42°C for 60 seconds in a water bath and put back on ice
for 2 minutes. 500 µl of Lysogeny broth (LB), a nutritionally rich medium used for bacterial
growth, is then added to the cells and incubated on a shaker at 37°C for 10 minutes. 100 µl
of the transformed cells are then spread across the agar plate and left to incubate at 37°C
overnight. A colony of these cells is then picked using a pipette tip and allowed to grow,
while being continually stirred, overnight in 10 ml of LB at 37°C. Note times and volumes
may vary depending on manufacturer’s instructions.

DNA purification
5 ml of the bacterial growth is spun into a pellet for 10-15 minutes at >8,000 revolutions per
minute (RPM) at room temperature. The supernatant is carefully removed, and the cells
resuspended in a buffer. Then a denaturing solution is added to the resuspended cells, which
causes the cells to lyse, releasing their contents including the plasmid DNA, into the solution.
The lysing reaction should not be allowed to go on for longer than 5 minutes and is stopped
by the addition of a renaturing solution. This brings reduces the pH, causing proteins and
genomic DNA to precipitate, but leaves smaller plasmid free in the solution. This is then
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centrifuged at 13,000 RPM for 10 minutes to pellet the proteins and genomic DNA. The
supernatant containing the plasmid DNA is then removed and an alcohol added to cause
precipitation. This can then be spun through a spin column to collect the plasmid DNA,
which will precipitate on the silica membrane. A further alcohol wash can then be used to
remove excess salt and the DNA eluted off the column using water or manufacturer’s buffer.
Note the recommended spin speeds and times, buffers used, volumes used, and
incubation/rest/drying times will vary with manufacturer.

Transfection
The plasmid is then ready for transfection into cells. It may be best suited for a particular cell
line dependant on the vector chosen. Here transfection using PEI Max was used, though
other transfections may also work. Cells were prepared in advance and plated onto a 10 cm
dish and allowed to grow to 60-80% confluency. For each dish to be transfected 2.0 µg of
DNA, 32 µl of PEI Max, and 300 µl of Optimem were mixed and incubated at room
temperature for 10 minutes. Prior to transfection cells were washed with phosphate buffered
saline (PBS) to remove growth media and was replaced with antibiotic free medium. The
transfection agent was added to each plate in a dropwise fashion and left to incubate for 4
hours to overnight. After the incubation period medium was changed back to full growth
medium. Cells were then incubated for 48-72 hours in antibiotic free medium, after which
the appropriate selection antibiotics were added. This results in polyclonal colonies forming.
A low concentration trypsin is added to the plate loosening cell colonies. Each cell colony is
then individually extracted using a pipette under a fluorescence microscope and cultured in
6-well plates. Upon nearing confluency, these were transferred to T75 culture flasks and
frozen down and maintained as stably expressing single cell clones. Note ratios of DNA may
be required to vary dependent on the success of the uptake of DNA to the cells, while other
transfection methods are available.
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Immunohistochemistry
To verify that transfection did not change cell morphology cells undergo
immunohistochemistry to image the fluorescently tagged proteins. For this, cells are cultured
on 15 mm diameter cell culture treated cover slips. For immunohistochemistry staining they
are fixed. Following growth to a suitable confluency cells undergo two PBS washes. They are
then left to fix in 3.8% paraformaldehyde for 20 minutes, after which they are washed three
times with PBS. Cells are permeabilised with 1% triton in PBS for 5 minutes, followed by
another three PBS washes. 1% donkey serum in PBS is used as a blocking agent and cells
stained with DAPI in H2O at a ratio of 1:15,000 for 3 minutes, followed by another two PBS
washes. Cover slips are finally sealed onto a glass slide using mounting media to minimise
fluorescence degradation and sealed with clear nail varnish. Immunohistochemistry imaging
is carried out on a suitably equipped fluorescence microscope. Note other aspects of the cell
can be tagged/stained post permeabilisation if necessary for visualisation or to check for any
undesired changes.
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Appendix II
The MegaFrame32
The MegaFrame32 (MF32) is a compact, economical 32x32 Time-Correlated Single Photon
Counting (TCSPC) imaging array. Each pixel of the MF32 acts as an independent single
photon counter, with 55 ps timing resolution for fully parallel time stamping of photons.
Each pixel contains a Single Photon Avalanche Diode (SPAD) with its own electronics
operating in Geiger mode. The MF32 operates under a “laser-is-master” mode whereby the
TCSPC synchronisation signal is derived from the pulsed laser and is used as the reference
for timestamp generation and the various system clocks. This synchronisation signal, when
provided by a PicoQuant laser, is propagated as a Nuclear Instrumentation Module (NIM)
standard signal, providing a sharp falling edge on the signal for synchronisation. In practice,
the pixel carries out timing by starting timing based on the detection of a photon and
stopping the time upon receipt of the following laser pulse. Each SPAD on the MF32 has
an active diameter of 6 µm within the 50 µm x 50 µm pixel, giving it a fill factor in the region
of 1.1%. The breakdown voltage of each SPAD is in the range of ~13 V, though varies from
SPAD to SPAD and from MF32 chip to MF32 chip, and as such should ideally be optimised
for each individual chip. The peak photon detection efficiency of the SPADs is ~28% at the
peak detection wavelength of 500 nm. This makes the MF32 aptly suited for GFP based
experiments. Each MF32 SPAD has in-pixel pipeline memory, which supports simultaneous
readout and new data acquisition. This combined with 64 serial readout pads (which each
read a half row) allows the MF32 to operate at frame rates up to 1 Mfps (at 80 MHz the
frame rate is 500 kfps).
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The MF32 is controlled by a LabVIEW graphical user interface which programs an Opal
Kelly FPGA board and interfaces between the MF32 and the PC, as in Figure A2.1.

Figure A2.1 Schematic of the layers of control of the MF32.

Upon start-up of the system the LabVIEW interface loads the appropriate firmware to the
FPGA. This allows the FPGA to generate the clock and control signals required by the
sensor for operation and readout of data. The LabVIEW interface allows control of MF32
hardware settings, most importantly allowing control of voltage biases, setting the
breakdown and quench voltages, and serial communications on-chip through the FPGA.
This allows optimisation each individual MF32 chip.
Note this firmware was written by RKH group, University of Edinburgh, specifically for the
FPGA board in use. Use of other boards would require adaption and recompilation of
firmware. The FPGA board is powered via a single 5V connector, which in turn passes power
via connectors to the MF32 board.

