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Abstract

luorescence optical microscopy has become an integral technique

in the life sciences and has opened the door to investigating live

biological specimens non-invasively at sub-cellular spatial
resolutions with high specificity and temporal resolutions. One of the
limiting factors of optical microscopy is that the spatial resolution is
dictated by the diffraction limit of light.

This work shows the first use of LEDs to carry out widefield axial super-
resolution standing wave microscopy with high temporal resolution. The
technique was used to image red blood cell membrane dynamics in real
time with no increase in photobleaching or toxicity rates compared to
standard widefield imaging. This work also presents 3D computational
reconstructions of the data allowing for easier visualisation and the

possibility of carrying out further quantitative analysis.

Following on from Chapter 2, is an investigation into the development and
application of multi-wavelength standing wave microscopy on live
specimens in both emission and excitation modalities. These techniques
are henceforth referred to in this thesis as TartanSW. This investigation
found that using multiple excitation wavelengths allowed for a reduction
in the nodal contribution of the images resulting in obtaining 32.3 % more
spatial information about the structure of the specimen. It is also shown
that by taking the difference images between each excitation channel the
standing wave antinodal planes could be reduced in thickness enabling
axial resolutions on the order of 55 nm when imaging live cell

experiments. The multi-emission technique was shown that it could be



applied to be applied to imaging biological specimens using both
widefield and confocal microscopy. However, the widefield data was not
in line with the expected theoretical structure. There is the possibility of
using plane ordering though to infer the directionality of a specimen
structure and extract height maps though further work to develop

computational tools to enable this will have to be implemented.

Finally, this thesis describes the work carried out making use of a new
high-brightness 340 nm LED to develop a fast switching 340/380 nm
illuminator and demonstrate its application for ratiometric Fura-2 Ca?"
imaging of live cell specimens with sub-5 nM precision that supports full

frame video-rate temporal resolutions.
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Figure 1.1; A schematic diagram demonstrating the basic set up of a
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the objective lens. Adapted from [12]. B)Dark-field microscopy images of
mammalian red blood cells infected with Plasmodium Vivax. Reproduced
from [13]. pg. 38
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in a DIC microscope. B) DIC image of primary oocytes of the surf clam.
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length occur. A) and B) are reproduced from [14]. pg. 39
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microscopy. Diagram reproduced from [9]. Phase contrast image of a
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Figure 1.6; Diagram of light path from an arc lamp through upright
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specimen. Reproduced from [42]. pg. 47
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diffraction pattern, b), two Airy discs at the minimum resolution, c), and
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Figure 1.12; Human glioma cells, A) imaged using phase contrast
microscopy B) using interference reflection microscopy showing the
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Figure 1.13; Diagram demonstrating the two objective lens illumination
and collection of light with the theoretical maximum of 4n and the

experimentally realised detection angle. Reproduced from [121].
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Figure 1.14; Schematic diagram showing components and beam paths in

the original 4Pi microscope. Reproduced from [118].
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Figure 1.15; Schematic diagram demonstrating the optical setup required
to conduct 1I5M. Excitation light propagates from the bulb source through
a short pass dichroic mirror and through a 50:50 beam splitter to illuminate
the specimen from both sides. Emission is collected through both
objective lenses and undergoes interference at the CCD camera.
Reproduced from [87]. pg. 63

Figure 1.16; Demonstration of utilising the moiré effect to obtain a
resolution enhancement. If an unknown structure A) is multiplied by a
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Figure 1.17; A) Schematic diagram of the microscope setup used for
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observed on each of the cameras. Figure reproduced from [103].
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Figure 2.1; Cartoon diagram of the generation of an optical standing wave
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wave of light causes fluorescence emission at the standing wave antinodes
which then propagates upwards through the lens, dichroic mirror and long
pass filter to be detected by the SCMOS camera. The fluorescence signals
are recorded by the computer which synchronises and triggers the LED
and camera. B) Magnified view of the specimen plane demonstrating on
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plots obtained of the antinodal axial locations in B) air and D) 4% BSA
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Figure 2.13; Single frames taken from the 525 nm LED video-rate
standing wave movie of the bottom half of a red blood cell labelled with
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Figure 3.1; Cartoon representation of the excitation intensity resulting
from standing wave illumination along the optical axis of a microscope.
A) A single standing wave excitation plot (red boxes) showing the
separation between the bands and the widths of the antinodal and nodal
planes. Location coinciding with the nodal planes result in zero
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demonstration of the total reduction in the nodal plane contributions due
to the addition of two extra optical standing waves of light (shown in green
and blue) which have different wavelengths from the one in red. C)
Demonstrates the colour mixing that occurs when the different excitation
wavelength images are assigned RGB lookup tables and composited on
top of each other. This diagram assumes that all standing wave excitation

channels are normalised to each other. pg. 111

Figure 3.2; Confocal standing wave image of a lens specimen coated with
a fluorescent monolayer of Atto 532, excited using a 514 nm laser line
with emission and detected with a 5 nm emission bandwidth centred
around 580 nm demonstrating the resulting moiré pattern generated by the
interference of the excitation standing wave and the emission standing

wave. Reproduced from [133]. pg. 114

Figure 3.3; Measured output spectra, taken at the specimen plane of a
BX50 widefield microscope, of the A) 490 nm LED, and the B) filtered
525 nm LED. pg. 119

Figure 3.4; Schematic diagram of experimental setup for widefield
TartanSW emission imaging of both lens and biological specimens.
Specimen illumination was provided by a filtered 550 nm LED from the
TartanSW-LED system that was coupled to the microscope using a

universal collimator. The resulting fluorescence emission propagates

17



upwards through the 561 nm dichroic mirror and longpass filter through
the extra camera magnification to the emission camera chip splitter. The
emission is split using a >594 nm dichroic mirror and is filtered through

two bandpass filters before being detected by the SCMOS camera.
pg. 122

Figure 3.5; A) Theoretical standing wave structure simulated for 550 nm
LED excitation. B) Theoretical standing wave structure simulated for 550,
525 and 490 nm LED excitation. C) Standing wave image of lens
specimen using 550 nm LED excitation. D) Radially averaged intensity of
the 550 nm LED excitation standing wave image. E) Standing wave image
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reduction in the information gap in the image. F) Radially averaged
intensity of the 550, 525 and 490 nm LED excitation standing wave image
showing the antinodal planes of the different excitation wavelengths
coinciding with the nodal planes of the other standing wave structures.
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Figure 3.6;A) Theoretical plot of the |[550-525| difference standing wave
structure (red) and the |525 — 490| difference standing wave structure
(green) both obtained using equation (3.2). B) TartanSW difference image
acquired from the difference of the 525 nm standing wave image of the
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C) TartanSW difference image acquired from the difference of the 490 nm
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images with B) in red and C) in green. E) Radially averaged line intensity
plot taken of the composite image. pg. 128
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Figure 3.7; A) Widefield TartanSW emission PSF simulated for an 0.4
NA objective lens in air using an excitation wavelength of 549 nm and
emission wavelengths of 570 nm (blue line) and 620 nm (red line) using
equation (3.1). B) TartanSW emission image of a lens specimen excited
using the 550 nm LED with the detection bandwidths centred around 576
nm and 620 nm. C) Line intensity plot for the 570 nm detection channel
(blue line) and the 620 nm emission channel (red line) taken through the

TartanSW emission image of the lens in B). pg. 131

Figure 3.8; Theoretical standing wave structure calculated using equation
(3.1) for an excitation wavelength of 514 nm excitation and emission
bandwidths A) 617 — 622 nm C) 592 — 597 nm and E) 567 — 572 nm.
Experimental line intensity plot through a confocal TartanSW emission
image of a lens specimen excited at 514 nm and emission detected at
bandwidths B) 617 — 622 nm D) 592 — 597 nm and F) 567 — 572 nm.

pg. 133

Figure 3.9; A) Frame one from a widefield TartanSW movie of a red blood
cell imaged acquired at a rate of 30.30 Hz and excited using the 550 nm
LED. B) Line intensity plot taken through the red blood cell (Gaussian
blur = 2 applied) where the green line is the 570/10 nm emission band and

the red line is the 620/14 nm emission band pg. 134

Figure 3.10; A) Confocal TartanSW emission image of a red blood cell
excited at 543 nm and using emission detection bands of 550 - 555 nm
(blue), 565 - 570 nm (green) and 580 - 585 nm (red) B) Line intensity
profile taken through the red blood cell (Gaussian blur =5 applied).

pg. 136
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Figure 3.11; A) Widefield TartanSW emission image of MCF-7 breast
cancer cells excited using a 550 nm LED with emission detected at
bandwidths of 570/10 nm (blue) and 620/14 nm (red). B) Line intensity
plot taken through the periphery of the multi-emission image (with a
Gaussian blur = 2 applied) with the shorter emission band being plotted in

blue and the longer band plotted in red. pg. 137

Figure 3.12; Figure 3.12; Confocal TartanSW emission imaging of MCF-
7 cells using emission detection bands 567 — 572 nm (blue), 592 — 597 nm
(green) and 617 — 622 nm (red) and excited at A) 514 nm or B) 543 nm.
Yellow arrow on A) demonstrates the direction and location that the line
intensity plots were taken. C) Line intensity plot through the 514 nm
excitation image (Gaussian blur = 5 applied) D) Line intensity plot
through the 543 nm excitation image (Gaussian blur = 5 applied).It can be
seen from a comparison of A) and B) as well as C) and D) that the
TartanSW emission structures obtained using different excitation
wavelengths are different from each other. This is to be expected as the
TartanSW emission phenomena occurs due to the self-interference of the

emission standing wave and the excitation standing wave. pg. 139

Figure 3.13; Widefield standing wave images of a red blood cell excited
using A) the 490 nm LED B) the 525 nm LED and C) the 550 nm. D) A
TartanSW excitation image made up of the images shown in A) through
C). E) A line intensity profile taken through the composite TartanSW
excitation image showing slight spectral separation between the excitation
channels D) where fluorescence emission obtained from the 490 nm LED
excitation is plotted in blue, the 525 nm LED is plotted in green and the
550 nm LED is plotted in red. pg. 141
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Figure 3.14; A) Confocal TartanSW excitation imaging of red blood cells
excited at 489 nm (blue), 513 nm (green) and 543 nm (red) with Gaussian
blur = 2 applied. B) Line intensity profile taken through the right red blood
cellin A). pg. 142

Figure 3.15; A) Widefield TartanSW excitation image of a Dil stained
MCF-7 breast cancer cells excited using the 490 nm LED (blue), the 525
nm LED (green) and the 550 nm LED (red). B) Line intensity plot taken
through the periphery of one of the MCF-7 cells in the TartanSW
excitation image (with a Gaussian blur = 2 applied). pg. 143

Figure 3.16; A) TartanSW difference image of the MCF-7 cells shown in
figure 3.15A where the difference of the 550 nm from the 525 nm is shown
in red and the difference of the 525 nm from the 490 nm shown in green.
B) Line intensity plot taken through the periphery of A) (with a Gaussian
blur = 2 applied) demonstrating a reduction in the antinodal FWHMSs
compared to figure 3.15B and an increased image contrast.

pg. 146

Figure 3.17; A) Widefield TartanSW excitation image of a MCF-7 breast
cancer cell and B) TartanSW difference image between the excitation
wavelengths showing the presence of structures within the cell that can be
observed even through the nucleus. C) Confocal TartanSW excitation
image of a MCF-7 breast cancer cell and D) TartanSW difference image
between the excitation wavelengths also demonstrating an internal

structure that can be seen in the bottom most cell pg. 147

Figure 3.18; Time lapse TartanSW difference multi-excitation images of
MCEF-7 cells with the |550 nm — 525 nm| channel in red and the |525 nm —

490 nm| in green showing an internal membrane structure that appears to
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swell and burst throughout the imaging duration. The frames presented as
A-F are frames 9, 17, 25, 33, 41 and 48. pg. 148

Figure 4.1; Chemical structures of the fluorescent molecule Fura-2 when

either unbound or bound to intracellular Ca?* adapted from [242].
pg. 163

Figure 4.2; Excitation spectrum of Fura-2 in buffer obtained at an
emission wavelength of 510 nm in the presence of different concentrations
of free Ca2+ [241]. pg. 163

Figure 4.3; Output spectra of 340 nm and 380 nm LEDs obtained at a
driving current of 1.52 £ 0.16 A. pg. 167

Figure 4.4; Output spectra of 350 nm and 380 nm LED. pg. 167

Figure 4.5; A )Optical powers measured at the specimen plane of an
Olympus BX50 microscope under a 20x water dipping lens at increasing
driving currents. B) Enlarged plot of ROI in A) showing the power ranges

used in this Chapter. pg. 169

Figure 4.6; Generalised schematic diagram of experimental imaging setup
showing the location of the specimen in relation to the objective lens and
where the perfused solution flows over the specimen and gets removed
from the bath. The light paths of the 470 nm LED are also shown to be
collimated and then illuminate the specimen after being reflected by a >
505 dichroic mirror. The emitted Fluo-4 fluorescence propagates upwards
through the objective lens, >505 nm dichroic mirror (Olympus) and 515
nm longpass filter (Olympus) to the camera. The camera and pE-4000 are
connected to a computer system for triggering and recording fluorescent
signals. pg. 174
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Figure 4.7; Generalised schematic diagram of experimental imaging setup
showing the location of the specimen in relation to the objective lens and
where the perfused solution flows over the specimen and gets removed
from the bath. The light paths of the 340/380 nm LEDs are also shown to
converge through the use of 365 nm dichroic mirror and then illuminate
the specimen in the perfusion bath sequentially. The emitted Fura-2 AM
fluorescence propagates upwards through the objective lens, >400 nm
dichroic mirror (Olympus) and 420 nm longpass filter (Olympus) to the
camera. The camera and power supplies for both LEDs are connected to a

computer system for triggering and recording fluorescent signals.
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Figure 4.8; Representative trace of Fluo-4 emission fold increases above
the baseline in tsA-201 cells with emission increases being induced by
application of ATP (5 uM) and trypsin (100 nM) and imaged a 470 nm
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Figure 4.9; A) Representative trace of normalised emission ratio changes
in tsA-201 cells with Ca?* changes being caused by application of ATP (5
UM) and trypsin (100 nM) and imaged using the 350/380 nm LED
illuminator. B) Representative trace of normalised emission ratio changes
in hippocampal neurons with changes being caused by washes of
glutamate (20 uM) and KCI (20 mM) and imaged using the 350/380 nm
LED illuminator. pg. 182

Figure 4.10; A) Representative images of tsA-201 cells excited at both
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Chapter One:

Introduction

t is the aim of this Chapter to give the reader an overview of optical microscopy

for life science imaging and a brief description of some interference based super-

resolution microscopy techniques. It will first give details of label-free techniques
which follows on to widefield fluorescence and confocal fluorescence microscopy.
The Chapter will explore the resolution limits dictated by the diffractive nature of light
and will conclude with a description of optical microscopy techniques that make use
of the interference of light to surpass the diffraction limit of resolution.

1.1) Optical Microscopy

There are arguably three different families of microscopy which are available to the
researcher. These are scanning probe microscopy (SPM), electron microscopy (EM)
and optical microscopy [1]. While each of these different types of microscopy have
their advantages and applications, for the imaging of live biological specimens optical
microscopy has been predominantly employed [1] due to its ability to image live
specimens on a cellular level, non-invasively and in atmospheric conditions. The
ability to image in these conditions is an advantage that is not readily available in the
other two categories of microscopy [1], though it should be noted that whilst
environmental EMs are becoming more wide spread the technique is still more suited
for fixed specimens [2] and are often used in conjunction with optical microscopy as
is the case in correlative light and electron microscopy [3], [4]. Though optical
microscopy is one of the most commonly used techniques for the imaging of live
biological specimens, it has the limitation of not being able to achieve the atomic level
spatial resolutions that are possible when using SPM or EM [5], [6].
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1.1.1)  Brightfield microscopy

When carrying out the bright field imaging of biological specimens, cellular features
and structures, which are typically colourless and translucent, can be difficult to
distinguish from the background [7]. This is due to the fact that in bright field optical
microscopy the only contrast that can be obtained from the specimen is due to
attenuation and absorption of the light propagating through the specimen (a schematic
diagram of how illumination light is passed through the specimen and detected is
shown in figure 1.1). Though the contrast can be enhanced by utilising the application
of an absorption stain to the cell [8], it cannot always be carried out on live specimens.
This is due to the Beer-Lambert law, where the absorbance observed as light passes
through a substance is related to the optical path length the light travels through and
the concentration of the absorbing media. It follows from this that as cells are very
thin, in order to obtain sufficient absorption of light the cells would tend to be prepared
with toxic concentrations of stain, leading to death of the specimens. As such, the
application of these stains usually necessitated for the specimens to be chemically
fixed.

In many studies it can be advantageous, or even necessary, to image biological
specimens live. The imaging of live biological specimens allows researchers to
observe the behaviour of cells in a gas, humidity and temperature controlled
environment that promotes healthy growth. Once a cell has been chemically fixed it
can be thought of as being frozen in time, and whilst this allows for the observation of
how the cell was behaving at the exact moment of fixation, without knowledge of how
the cell dynamics were prior or how they would’ve progressed means that a greater
depth of understanding about dynamic cellular processes cannot be obtained [9], [10].
This interest in imaging cells live has led to the necessary development of microscope
techniques capable of optically increasing the image contrast between specimens and

the background but facilitate imaging of the cells live.
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Figure 1.1; A schematic diagram demonstrating the basic set up of a brightfield
microscope. The illumination originates from below and propagates through a
condenser lens to the specimen. The light that passes through the specimen plane is
then collected by an objective lens after which it is projected onto a detector. Contrast
between the specimen and background in this set up is only obtained through
attenuation of the light which passes through the specimen. This figure is reproduced
from [8].
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1.1.2)  Dark-field microscopy

Dark-field microscopy has been used to enhance the contrast by making use of a
hollow cone of light that originates from the very edges of the condenser lens, through
the use of a special dark field condenser annulus, to illuminate the specimen. When
the light passes through locations that are not occupied by the specimen it will appear
dark in the image as only light scattered by the specimen is collected by the objective
lens [11]. Limitations in this technique can be associated with the fact that only the
periphery of the cells can be imaged meaning no internal structure is obtained, and
also it is possible that contaminants, such as dust, at the specimen plane could also
scatter the light and be detected in the image [12]. The process of how illumination
interacts and is scattered by the specimen and an example image obtained using dark-

field microscopy can be seen in figure 1.2.
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Figure 1.2; A) Demonstration of how the illumination passes through the dark-field
annulus and only light scattered by the specimen is collected by the objective lens.
Adapted from [12]. B)Dark-field microscopy images of mammalian red blood cells

infected with Plasmodium Vivax. Reproduced from [13].
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1.1.3) Differential interference contrast microscopy

Other methods for increasing image contrast make use of the different thicknesses or
refractive indices that exist within cell specimens. One such technique is differential
interference contrast imaging (DIC), in which polarized light is split into two separate
light beams by a Wollaston quartz prism. These two beams then propagate through the
specimen at spatially separate points and are recombined by another Wollaston prism
before passing through an analyser [14]. In DIC, the contrast of the image is enhanced
by observing the difference in the optical path lengths of the split polarized light. If
one light path travels through an area with a different refractive index or thickness than
the other, then it will begin propagating slightly out of phase with the other. When the
two beams are recombined interference will occur causing darker locations on the
resulting image where the cellular refractive index changes occur [15]. A schematic

diagram of DIC microscope and a DIC image can be seen in figure 1.3.
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Figure 1.3; A) Schematic diagram of the propagation of the illumination in a DIC
microscope. B) DIC image of primary oocytes of the surf clam. Areas of shading occur
in locations in which changes in the optical path length occur. A) and B) are

reproduced from [15].
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1.1.4)  Phase contrast microscopy

Another well-established label-free technique to improve the contrast of cell imaging
is phase contrast microscopy. In this method, a condenser annulus is placed before the
condenser lens in a microscope which causes the light passing through to take on a
‘ring’ shaped beam profile, shown in figure 1.4. Any light which propagates through
the specimen will be diffracted and undergo a phase shift, typically A/4 but even less
can occur, where A is the wavelength of light used for illumination [16]. The light that
does not interact with the specimen remains unchanged until it encounters a phase plate
placed, or etched, in the back focal plane of the microscope objective lens which must
be precisely aligned to the condenser annulus. This phase plate affects only the non-
diffracted light and causes either a phase shift advance of A/4 or a phase retardation of
304, depending on whether positive or negative phase contrast is being employed [17].
In negative phase contrast imaging the diffracted and non-diffracted beam undergo
destructive interference causing objects with a higher refractive index than the
surroundings to appear brighter whilst the opposite occurs in the more commonly used

positive phase contrast imaging [17].
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Figure 1.4; A) Optical path of the illumination in phase contrast microscopy. Diagram

reproduced from [11]. Phase contrast image of a mammalian cell showing B) positive
phase contrast and C) negative phase contrast on the right. B) and C) are reproduced
from [17].

1.2) Eluorescence Microscopy

Though the techniques described in Section 1.1 can enhance the contrast of biological
specimens from the background, they do not help to identify internal structures or
proteins with any specificity or contrast from the surrounding cell which led to the
development of fluorescent microscopy.

The properties of fluorescence were first described and named by G. G. Stokes in 1852
[18] but had been observed as far back as 1565 by Nicholas Monardes [19].
Fluorescence microscopy is now one of the most commonly used techniques for
imaging biological specimens and has a wide range of organic and synthetic
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fluorophores which are capable of binding to, or labelling, specific cellular structures.
The use of fluorophores in conjunction with live cell specimens, or even whole
organisms, has allowed for the study of dynamic cellular processes of specific sub-
cellular structures in response to different stimuli or over time. The ability to label the
membrane or cytoskeleton of cells means that the morphological changes can be
observed during processes such as mitosis or blebbing [20], [21], voltage-sensitive
dyes are available which means that the firing of neurons can be quantified or tracked
[22], and the detection of intra-cellular ion concentration changes has allowed for
pharmacological studies to be carried out revealing the effects drugs have on different
types of cells [23]-[25], none of these would be possible to do with fixed cell
specimens. Using fluorescence labelling, even multiple parts of the cell can be labelled
with different fluorophores which allows greater distinction between these labelled
structures using multi-colour imaging and also the added advantage that the behaviour
of multiple structures can be measured in response to the same stimuli providing a

greater understanding of how the entire cell reacts.

When a photon is absorbed by a fluorophore the energy transfer can excite an orbital
electron from the ground state into a higher singlet excited state. From this excited
state it may undergo radiative decay back to ground state and emit a photon [26]. There
is an increase in wavelength observed in the emitted photon which is due to non-
radiative energy decay, typically phonon vibrations, before the electron returns to the
ground state. This emission occurring at a longer wavelength is known as a Stokes
shift [26] and the entire process is known as fluorescence. A diagram demonstrating

this process can be seen in figure 1.5 and is known as a Jablonski diagram.

The excitation and emission of fluorescence is a rapid process but not every photon
which is absorbed by a fluorophore will cause fluorescence emission. A fluorophore
has an associated quantum yield which is defined as the ratio of the number of photons
emitted to the number of photons absorbed by the fluorophore [27]. This quantum
yield will always be less than one due to the presence of some non-radiative decay

processes occurring.
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Figure 1.5; Jablonski diagram demonstrating the excitation and emission of light in a

fluorophore. Reproduced from [28].

If a fluorophore is repeatedly excited over a prolonged period or with an intense light
source the fluorescence emission will begin to fade and eventually stop altogether.
This is due to a phenomena known as photobleaching [29]. Photobleaching is a process
in which the fluorophore undergoes permanent photochemical destruction whilst the
molecule is in the excited state and once it has occurred the fluorescence cannot be
recovered [30]. This process has been attributed to molecular oxygen interacting with
the fluorophore when in the excited triplet state or generating highly toxic oxygen
species [31], [32]. Photobleaching can be a major issue when using fluorophores for
microscopy though it has been shown that the addition of oxygen scavenging
molecules to remove the molecular oxygen in the system can reduce the rate at which
photobleaching occurs [33]-[36]. Another method used to reduce the rate of
photobleaching to the dye is to make use of stroboscopic illumination which reduces

the light dosage exposed to the specimen [37], [38].

Another issue which can occur when using fluorescence in conjunction with live
biological specimens is known as phototoxicity. Phototoxicity is the process is which
during imaging the specimen undergoes unwanted and harmful changes which can
lead to cell death. This process can occur when the specimen is exposed to high
intensity light which may cause a heat stress response in the specimen resulting in cell

death [39]. Another mechanism leading to phototoxicity is caused by the production

43



of free radicals which can detrimentally interact with different cellular structures
within the specimen [40]. Similar to the techniques used to reduce photobleaching
rates during imaging, in order to lessen the phototoxic effects a reduced light dosage
can be used or imaging can be carried out using techniques such as light sheet or two-
photon microscopy [37], [38], [41], [42]. It should be noted though that reducing the
excitation light by too much can significantly reduce the signal to noise ratio and
impact the quality of the images recorded [42] so efficient detection of the resultant

emission must be carried out.

To utilise fluorescent probes in life science imaging, a microscope had to be developed
which was capable of separating the shorter wavelength excitation light from the
emitted longer wavelengths of light from which the image is formed. This led to the
first widefield epifluorescence microscope in 1959 that was further developed into
what is now regarded as the modern widefield epifluorescence microscope by Johan
Sebastiaan Ploem in 1967 [43]. This type of microscope uses dichroic filters to
separate the excitation and emission light and uses a single objective lens for

illumination and light collection.

The widefield epifluorescence microscope can either be of the inverted configuration,
where illumination of the specimen comes from below, or upright type, where the
specimen is illuminated from above. Widefield epifluorescence microscopes can use
a variety of sources for illumination such as high power light emitting diodes (LEDSs),
mercury/xenon arc lamps or lasers (though the latter may not be entirely suitable for
widefield microscopy as the highly coherent laser may generate reflections from dust
particles or imperfections in the optical path and undergo interference which can cause
artefacts on the image[44], [45]). The illumination is passed through a filter cube
which typically comprises of an excitation filter, which limits the propagating
bandwidth of light, a dichroic mirror and an emission filter. The light is then reflected
off the dichroic mirror which is set at an angle of 45 degrees in reference to normal
incidence and then propagates through an objective lens which then illuminates the

specimen.

If the illumination light is of an appropriate wavelength to excite the orbital electrons
of the fluorophore to an excited state then any emitted fluorescence is collected
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through the same objective lens and propagates through the dichroic mirror which is
designed to reflect light which is shorter than a chosen wavelength. For instance, if
light of 470 nm is used to excite a fluorophore which will emit at 520 nm, a 505 nm
dichroic mirror will reflect all excitation light as it is shorter than 505 nm and will
transmit all of the fluorescence emission. The light then passes through an emission
filter, typically a longpass filter which is chosen to reject all the shorter excitation
wavelengths which may have bled through to this optical element but accept all of the
emission light [36]. This light then propagates either to an eyepiece for visual
inspection or to a photodetector device for digital imaging and recording. A general
diagram of the light path through an upright widefield epifluorescence microscope is

shown in to figure 1.6.
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Figure 1.6; Diagram of light path from an arc lamp through upright widefield
epifluorescence microscope to the specimen. The resultant emission light then
propagates up through the filter cube to the eyepiece or photodetector Reproduced
from [46].

While the widefield epifluorescence microscope has many uses and is very versatile,
there are some disadvantages to its operation. One of these is due to the illumination
of the specimen not just occurring at the focal plane but the microscope also provides
excitation above and below this plane. This causes a large amount of out of focus
fluorescence to be generated causing the background intensity to be increased and a

loss of contrast in the images [47]. This excitation of the volume surrounding the focal
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plane also causes a high amount of photobleaching to fluorophores that are not of
interest [47].

The need to increase the contrast in images taken of three-dimensional specimens by
reducing the out of focus fluorescence present in the image led to the development of
the confocal microscope. The first concepts and microscope development for the
elimination of the out of focus light came from Marvin Minsky in 1957 [22] but it was
not until 1987 when the two separate groups, Carlssen and Aslund, and White, Amos

and Fordham produced the first laser scanning confocal microscopes [48].

The basic principle behind confocal detection is the use of a point source of
illumination and a pin hole which is placed in the focal plane before the detector. The
pin hole will reject all of the out of focus light so only the light from the focal point
reaches the detector [47]. Figure 1.7 shows this in operation and as a result of the
reduction in the out of focus light the background fluorescence is greatly reduced

increasing the contrast of the images [47].
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Figure 1.7; Optical pathway through a laser scanning confocal microscope showing
the rejection of out of focus light to the detector. The galvanometers are not included
in this figure but would be placed between the dichroic mirror and the objective lens

in order to raster scan the specimen. Reproduced from [49].

A laser scanning confocal microscope has many of the same optics as the widefield
epifluorescence to select excitation wavelengths and isolate the emitted light from the
specimen. The main difference, aside from the pin hole, is the inclusion of the two
mirror galvanometers that are used to raster the laser point across the specimen in the
x and y direction to create an image point by point rather than illuminating the entire
field like in a widefield epifluorescence microscope which results the confocal
microscope having a lower temporal resolution [48]. Due to the rejection of the
unwanted light, the laser scanning confocal microscope is capable of performing
optical sectioning which is the imaging of clear focal planes within the specimen,
though the out of focus fluorophores are still being excited so photobleaching of these

molecules can still be an issue [50] .

While the confocal microscope can reject the out of focus light, both this and the
widefield epifluorescence microscope have their spatial resolutions dictated by what

is known as the diffraction limit.
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1.3) Spatial resolution in optical microscopy

A commonly held definition for the spatial resolution of an optical microscope is the
smallest separation between two objects at which they can still be distinguished as two
separate points [51]. The limits of resolution of a microscope were first described by
Ernst Abbe in 1873 [52]. Abbe demonstrated the need for optical lenses to be designed
in such a way that the resolution of systems were limited by only the diffraction of
light between the specimen (which can be treated as a diffraction grating) and the lens

rather than any optical aberrations in the lens [52].

Lens aberrations that are commonly corrected for include chromatic aberrations, a
process in which light of different wavelengths are focused to different points after
passing through the same lens (shown in figure 1.8). This type of aberration is caused
by the refractive index of a material, n, being related to the wavelength of light
propagating through the material due to a property known as dispersion [53]. The

refractive index of a material can be obtained from:

2 2 2
200y = 1 4 it ByA BsA
n=(1) + pry +,12—c2 oo

(1.1)

In equation (1.1), B and C are known as the Sellmeier coefficients of a material and A
is the speed of light in a vacuum. The refractive index of a material can also be
described as the ratio of the speed of light in a vacuum, c, over the phase velocity of

the light when propagating through the medium, v, [54]:
n=c/v, 1.2)

The phase velocity of the light is wavelength dependent which effects the angle of
refraction experienced by different wavelengths of light [54]. To correct for this type
of aberration, objective lenses have been designed to incorporate multiple lens
elements with different levels of dispersion to bring different wavelengths of light to

the same focus [53].
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Figure 1.8; Demonstration of chromatic aberration as different wavelength of light

are focussed to different locations. Reproduced from [53].

Another common type of aberration is known as spherical aberration. Spherical
aberration is a phenomenon where light propagating through the periphery of a lens is
focussed to a point closer to the lens than the light which propagates near the centre of
the lens (shown in figure 1.9) [55]. This aberration is worsened as the diameter of the
lens increases [56]. This process can also occur when using a microscope with an
incorrect tube length [57] or the specimen being imaged has a different refractive index
from the surrounding mounting medium [58]. Methods to reduce the presence of this
aberration are to use the correct tube length for the microscope system, reduce the
difference between the refractive indices of the specimen and surrounding medium or

by reducing the diameter of the lens through which the light is focussing [55].
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Figure 1.9; Demonstration of spherical aberration showing the light impinging upon
the edges of the lens being focussed to a different point than those propagating near

the centre. Reproduced from [56].

There are several different criteria which can be applied to an optical microscope
system to describe the resolution such as; Nyquist theorem, full width at half maximum
(FWHM) of the point spread function (PSF), Fourier based definitions or the Sparrow
criteria [59]. Each criterion is capable of giving a resolution limit to a microscope
system, but this section will describe the Rayleigh criterion which is commonly used

to describe the resolution of microscope systems [60].

When light is focused through a theoretical aberration free objective lens it forms a
diffraction limited spot of finite size. When magnified this focal spot has a central
maxima spot (containing 84% of the light) surrounded by a series of concentric rings
of decreasing intensity [61]. The central maxima of this diffraction spot is known as
an Airy disk, named after Sir George Airy, and its diameter is related to the wavelength
of light [61]. This diffraction limited spot occurs in all three dimensions and is known
as the PSF.

In the lateral directions, x and y, the Rayleigh minimum resolution limit states that the
diffraction patterns of two spatially close objects are resolved at the point which the
Airy disk centre of one object overlaps with the first minimum of the others diffraction

spot [51] and this is illustrated in figure 1.10.
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Figure 1.10;Demonstration of Rayleigh criterion showing a) a single diffraction
pattern, b), two Airy discs at the minimum resolution, c), and two Airy discs being

clearly resolved. Reproduced from [62].

The equation describing the minimum lateral resolution is given by [60]:

d = 1.221 (13)

NAobjective +NAcondenser

In equation (1.3), d is the minimum resolvable distance, A is the wavelength of light,
and NA is the numerical aperture of the condenser or objective lens used. The

numerical aperture is given by the equation:
NA = nsin(6) (1.4)

In equation (1.4), n is the refractive index of the medium between the specimen and
the lens, and 6 is the half angle of the cone of light which is either emitted by the
condenser or accepted by the objective lens. In both widefield and confocal
epifluorescence microscopy the excitation illumination and fluorescence emission
propagate through same objective lens and as a result the condenser and the objective
lens have the same NA. Equation (1.3) can therefore be rewritten to give the minimum

lateral resolution of a widefield epifluorescence microscope:
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d= 2611 (1.5)

NAobjective

From these equations, it is evident that the theoretical minimum lateral resolution of a
microscope system is dictated by the wavelength of light used and the NA of the

objective lens.

The PSF is a 3D spot but does not have a uniform intensity distribution in all three
directions [59]. The PSF is elongated in the axial direction (z) compared to the lateral
(X, y). This elongation is due to the self-interference of a spherical wave front cap [1].
The axial PSF, like the lateral, has a central maxima intensity, but in an oval shape,
with surrounding periodic “side lobe” maxima of decreasing intensity [63]. The

minimum resolvable axial distance is given by the following equation [60]:

2ni
NA2

(1.6)

It was long thought that these limits on the resolution in microscopy were unable to be
surpassed, though using a confocal laser scanning microscope [48] offers a resolution
improvement on the order of +/2 over widefield epifluorescence microscopy [64]. In
recent years, there have been a wide variety of techniques developed which can surpass
the resolution limits stated above and have raised many new and exciting possibilities

in life science imaging.

1.4) Optical interference microscopy technigues

Many cellular processes cannot always be imaged using widefield or confocal
microscopy as they are smaller than the resolution limit, and these structures would
remain inaccessible to optical microscopy until the development of super-resolution
techniques. Whilst there are now many different super-resolution techniques that are
compatible with live cell imaging such as stimulated emission depletion (STED)
microscopy [65]—[67] or stochastic optical reconstruction microscopy (STORM) [68]—
[70]. Since the majority of the work in this thesis is exploring the application of

standing wave microscopy to carry out live cell super-resolution imaging, this section
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will only discuss and give the background on microscopy techniques that make use of

optical interference to achieve super-resolution.

1.4.1)  Interference reflection microscopy

The first comprehensive study of optical interference was carried out by Newton in
1717 where he observed the successive reflections of light between a convex lens and
a piece of glass which were caused by constructive and destructive interference due to

the differences in optical path length and relative phase changes [71].

Interference reflection microscopy (IRM) was originally developed to investigate thin
films of oil [72] and was first used in cell biology by Adam Curtis in 1964 to study
embryonic chick heart fibroblasts and their adhesion to glass substrates [73]. This
technique operates using the principle of light reflection at refractive index boundaries.
When using this method to measure cellular adhesion to a glass coverslip these
boundaries will either be between the coverslip and the cell or the coverslip and the
specimen media [73]. The ratio of the incident light intensity and the reflected light

intensity, known as reflectivity, R , and is given by the following equation [73]:

=D (a7

ni+n,

Where n, is the refractive index of the medium the light is propagating from and n,, is
the refractive index of the medium on the other side of the boundary. Whilst it may
appear that cells are fully adhered to a coverslip or an adjacent cell using EM it has
been shown that there is actually a gap of between 10 and 20 nm [73]. Due to this gap
the first reflection will typically occur at the coverslip and cell media boundary, with
the next occurring between the cell media and the cell specimen [74]. When the
intermediate cell media between the coverslip and the cell has a thickness comparable
to the wavelength of light used, A, the reflections at the two boundaries can interfere
with each other [74]. As there are differences in the optical path length between the
two reflections it is possible that their phase relative to each other may change. This

difference in optical path lengths, A, is given by the following equation [75]:
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A = 2n,,d (cos®) +% (1.8)

where n,, is the refractive index of the cell media, d is the distance between the
coverslip and the cell and @ is the angle of refraction within the media. If the optical
path length is a whole integer of the wavelength of light, then the two reflections will
undergo constructive interference and generate a maximum intensity in the image. If
the path length is offset by half of the wavelength of light, then the reflections will
become completely out of phase with each other resulting in destructive interference
and a minimum intensity in the image. From equation (1.8) it is apparent that as the
distance between the cell and the coverslip becomes zero (when the cell is in contact

with the coverslip) that the resulting image will be a zero-order minimum.

When imaging is carried out with monochromatic light the minima and maxima will
appear as dark and bright sections with a corresponding grey intensity for optical path

differences between the minima and maxima.

In order to carry out widefield IRM, an epifluorescence light source is first passed
through a bandpass filter so as to confine the excitation light to a specific bandwidth,
typically 546 nm due to high intensity light output at this wavelength from mercury
arc lamps [74] though in modern experiments it is possible to make use of LED
illumination instead. The light passes through a linear polarizer and is incident upon a
beam splitting mirror which is set at 45 degrees. The light is then passed through a A/4
plate and then introduced to the specimen through an objective lens [74]. The
reflections generated from the refractive index boundaries are collected through the
objective lens, pass through the A/4 plate and the beam splitting mirror. An analyser is
placed to accept light which is polarised linearly but rotated through 90 degrees from
the original illumination. Due to this all of the reflection light will be passed through
the analyser but any light origination from reflections within the objective lens or
outside the focal plane will be rejected [74]. The reflections then propagate towards
either the eyepiece or towards a photodetector device for imaging. A schematic

diagram of an IRM set up is shown in figure 1.11.

Interference reflection microscopy has been used to study the underside of many

different types of unlabelled specimens and their adhesion to glass coverslips [74],
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[76], [77]. Though this technique offers no increase in lateral resolution in the axial
direction it is able to determine cell-coverslip separations on the order of 100 nm.
Quantitative analysis of the images can become a challenging task as the technique
cannot distinguish points of cell and glass contact from separations of less than 15 nm
[75] as both will appear as dark regions on the image. Another source of difficulty
occurs if the cell has a thickness of less than 1um which can lead to the generation of
areflection from the upper cell to media boundary [74]. This upper boundary reflection
undergoes interference with the other two reflections and can contribute heavily to the

image and its interpretation.
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Figure 1.11; Light path and microscope configuration for interference reflection

microscopy. Reproduced from [74].

However, using an oil immersion lens with a NA greater than 1 the image generated
comprises only of reflections occurring in areas where the cell media is less than 250
nm in thickness and reflections from the upper boundary of the cell can be completely
discounted so long as the cytoplasm has a thickness greater than 1 pm The
configuration described above can be combined with other microscopy techniques
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such as phase contrast, DIC, or fluorescence imaging [74]. IRM is also compatible for
use in a laser scanning confocal microscope provided that the optical path allows for
the propagation of the reflected excitation illumination to reach the detector [75]. An

example of an IRM image is shown in figure 1.12.

Figure 1.12; Human glioma cells, A) imaged using phase contrast microscopy B) using
interference reflection microscopy showing the adherence points which are not visible
in A). Reproduced from [78] .

1.4.2)  Total internal reflection fluorescence microscopy

Total internal reflection fluorescence (TIRF) microscopy was first demonstrated by
Daniel Axelrod in 1981 [79] and is used as a method for generating sub-diffraction
limited resolution improvements in the axial direction by utilising the principle of total
internal reflection. TIRF microscopy has seen application for investigating cellular
membrane contact regions which are typically obscured by out of focus fluorescence
[80] [81], visualisation of single fluorescent molecules [82] [83] and localised Ca?*
transients near the cell membrane [84].
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When a light wave propagates from a medium into that of a different refractive index
at an incidence which is not normal to the boundary between the two medium it is
refracted, causing a deviation of the light path. At a specific angle of incidence, known
as the critical angle, the light will instead propagate at 90 degrees along the boundary
between the two media [85]. The equation to determine this critical angle, 6, , is
derived from Snell’s law and is as follows:

0. = arcsin (%) (1.9)

1

in this equation n, is the refractive index of the medium that the light begins
propagating from and has the larger refractive index and n, is the lower refractive
index of the medium after the refractive index boundary. The critical angle is measured
perpendicular or normal to the boundary.

If light impinges upon the refractive index boundary at an angle larger than the critical
angle, then instead of propagating along the boundary it is completely reflected into
the original medium and as such this process is known as total internal reflection [85].

During the process of total internal reflection an electromagnetic wave is generated
over the medium boundary which is known as an evanescent wave. The evanescent
wave will have the same frequency as the reflected light and the intensity of this
electromagnetic field decreases exponentially the further into the medium it

propagates [79]. The equation describing this exponential decay is given by:
1(z) = Ilyexp(— 2) (1.10)

where z is the distance travelled perpendicular to the medium boundary, and d is the
decay depth of the wave which is related to the reflected wavelength of light, A. The
decay depth can be expressed by:

A sinf

d=—(

4mtn, “sinf.

_1): (1.11)

This equation relies on the incident angle of the light 8 to be greater than the critical
angle, as dictated by the requirement for total internal reflection, and due to the rapid
exponential decay of the evanescent waves results in a penetration distance on the

order of 100 nm [79]. As the wave will only propagate a short distance into the
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specimen only fluorophores close to the specimen-coverslip boundary will be excited
and fluoresce. This short propagation distance leads to a much-improved axial
resolution which is equivalent to the penetration depth of the evanescent wave. In this
technique there is no change from the lateral resolution observed in widefield

epifluorescence microscopy [86].

There are two main methods to conduct TIRF microscopy. In the first method, a
focussed laser beam is introduced beyond the critical angle to the coverslip through a
prism positioned below the coverslip. The emitted fluorescence is then collected by an
objective lens directly above the specimen. This method has several drawbacks
including, limiting the accessibility of the specimen, water dipping objective lenses
must be used and the weak fluorescence signal propagates through the entire specimen
before being collected [87]. This technique however, is easier to implement in existing
microscope systems at a relatively low cost [87].

The other method for TIRF is to use a high NA objective lens to generate total internal
reflection illumination which also collects the emitted fluorescence. By using an
objective lens with an NA => 1.45 an incident angle greater than the critical angle can
be achieved [88]. To achieve this, a laser beam must propagate through the very
periphery of the objective rear aperture to ensure light incidence greater than the
critical angle. Incoherent light sources may be used for this method by constructing an
opaque mask which is fitted into the objective back aperture [87]. This mask will
restrict all but the very edge of the objective back aperture blocking off much of the
light. Using this high NA TIRF approach allows a greater amount of specimen
accessibility, and the use of high magnification lenses. In contrast to these benefits the
signal to noise ratio is decreased when compared to the prism method due to some of
the excitation within the specimen being generated by scattered illumination from
within the objective lens [88] and the alignment of the laser can be difficult if not using

a commercial system.

TIRF microscopy is a useful technique for investigating cellular substrates and plasma
membranes, structures which are typically obscured by out of focus fluorescence [81],
with a high degree of axial resolution in the region of 100 nm and has also been shown
to be capable of single molecule imaging [83]. Unfortunately, due to the very nature
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of TIRF only structures that are near the coverslip-specimen interface can be imaged
and as such it is not suitable for high resolution imaging of deep internal cellular

structures.

1.4.3)  4Pi microscopy and I°M

As discussed previously, the smaller the PSF volume, the higher the resolution of the
images that can be recorded using the microscope. The PSF volume is dictated by the
wavelength of the light and the NA of the objective lens, (see equations (1.5) and (1.6))
but since the wavelength of light used for illumination is chosen depending on the
excitation of specific fluorophores then one is typically limited to decreasing the PSF

volume by increasing the NA.

In lens design the maximum light collection angle for an objective lens, and therefore
its NA, has an upper limit in the range of 140° [59]. It was not until the development
of the 4Pi microscope by Stefan Hell in 1992 [89] that the effective NA of a
microscope system could be increased.

If the PSF volume is decreased by increasing the objective lens NA it would eventually
lead to a PSF which is perfectly spherical and as such light would be collected over
12.5667 steradians (equal to 4m) [90] [91]. Using illumination and collection from only
one side means that the theoretical maximum illumination and collection is limited to
2w and so to collect the remaining 27 of the PSF another objective lens would have to
be placed directly opposite from the first The use of this second lens is the foundations
upon which 4Pi microscopy is based and reduces the PSF by the interference of two
propagating spherical wave front caps reducing the elongation in the axial direction
[1]. As mentioned above, an objective lens can typically only collect light or illuminate
a specimen over a maximum angle of 140° so even using two high NA objective lenses
leads to a collection over a total of 280°, which is obviously less than the 4n
theoretically desired. Due to this, the resulting PSF is not perfectly spherical in shape

but the axial elongation is significantly reduced. As the collection angles are less than
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360° Hell named his microscopy technique 4Pi to illustrate the basic idea of the process
[89].

The 4Pi microscope makes use of a confocal laser scanning fluorescence microscope
setup with a notable exception; there are two objective lenses used for illumination or
emission collection which are focussed onto the same plane within the specimen. The

two objective 4Pi principle and set up is shown in figures 1.13 and 1.14.

There are three different imaging methods when using 4Pi microscopy [89] each of
which provide higher resolution than obtained using a standard confocal and are as

follows —

Type A — The excitation light from each lens interferes at the specimen and the
resulting emission is collected through one of the lenses.

Type B — The specimen is excited through one lens and the emission is collected
through both lenses and interferes at the photo detector.

Type C- The specimen is excited through both lenses and the emission is also collected

through both lenses causing interference at the specimen and at the detector.

Due to the need for interference between the two objective lenses the path lengths of
the light have to be very precise to avoid any phase differences between the two beams
[92]. When using these techniques, it was found that “side lobes” of light were created
due to the wave front interference which are located approximately half of the
wavelength of light above and below the PSF [89]. These “side lobes” create image
artefacts known as “ghost images” which can be suppressed through mathematical
deconvolution, though only if the intensity of these “side lobes™ are typically less than
50 % of the PSF [93] [94]. As a method to reduce the side lobe intensities, 4Pi
microscopy was combined with two photon excitation as in this technique there is a
quadratic dependence between the excitation efficiency and the intensity of the
illumination source [91] the removal of the “side lobes” is also aided as their locations
are shifted away from the focal plane due to the longer wavelength of excitation when

using two-photon excitation [95].
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Figure 1.13; Diagram demonstrating the two objective lens illumination and
collection of light with the theoretical maximum of 47 and the experimentally realised
detection angle. Reproduced from [96].
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Figure 1.14; Schematic diagram showing components and beam paths in the original
4Pi microscope. Reproduced from [89].
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It has been suggested that 4Pi microscopy does not break the diffraction limit of
resolution but is rather a PSF engineering technique as it manipulates the NA of the
microscope system to increase resolution [97]. Regardless of this three-dimensional
resolution of 100 nm has been shown [98]. 4Pi has been used in biological systems to
image fine structures such as actin filaments or microtubules in live cells [99] [100].
When preforming 4Pi microscopy one must be mindful of the refractive index of the
specimen or the immersion oil as slight variations can cause phase differences between

the two light paths negating the benefits of using this technique [99].

Another technique that uses an approach that is very similar to that of 4Pi microscopy,
in that it utilises two opposing objective lenses to increase the effective NA of the
imaging system, is known as I°M [101]. I°M was developed by Gustafsson et al. in
1999 [102] and was a combination of the previously developed techniques of 1°M and
1M [103], [104]. 1°M resembles type A 4Pi microscopy utilising only interference
with the excitation light and I*M is similar to type B 4Pi with the interference occurring
with the emission collection from each objective lens. I°M is a combination of the
interference with the excitation and the emission light just like type C 4Pi microscopy
with the major difference that the I"M techniques are widefield super resolution
techniques and remove the need for raster scanning [95] and thus improving the

temporal resolutions achievable [102], [103].

In I°M the laser required for confocal laser scanning 4Pi microscopy can be replaced
with an incoherent light source, and the specimen is exposed to uniform Kohler
illumination from both high NA objective lenses which undergo interference with each
other at the specimen plane creating an axially varying field of illumination [102]. The
resulting fluorescence emission is collected through both objective lenses and interfere
with each other at a photodetector. A schematic diagram of a I°M microscope is shown

in figure 1.15.

Like in 4Pi microscopy once the image is acquired computational deconvolution is
then carried out in order to remove the “side lobes” in the image and achieve an axial
resolution on the order of 100 nm but with no change from the conventional lateral
resolution [102], [103], [105]. Though I°M offers brighter images than those obtained
using two-photon 4Pi microscopy due to the use of single photon fluorescence, and
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higher temporal resolution due to the widefield nature of the technique, the ability to
carry out type C 4Pi microscopy using two-photon excitation allows for the easier
removal of the “side lobes” in computational deconvolution which is not the case in
I°M where the lack of confocal confinement in the PSF means that the “side lobes”
have much higher intensity [93], [95]. It also has the other limitations encountered
with 4Pi techniques of requiring little to no refractive index variations within a thin

specimen and precise optical alignment [101], [102].
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Figure 1.15; Schematic diagram demonstrating the optical setup required to conduct
I°M. Excitation light propagates from the bulb source through a short pass dichroic
mirror and through a 50:50 beam splitter to illuminate the specimen from both sides.
Emission is collected through both objective lenses and undergoes interference at the
CCD camera. Reproduced from [102].
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1.4.4)  Structured illumination microscopy

Another technique reported by Gustafsson in 2000 is known as structured illumination
microscopy (SIM) which was developed in later stages of the 1990s [106], and since
then the technique has seen many uses in biological research [107]-[110]. The
principle of this technique is to project a fine grating onto the specimen and then create
a reconstruction using images with the grating in different positions [106]. When a
known pattern is superimposed onto an unknown pattern it creates a moiré, or beats,
pattern which contains increased information about the unknown structure (this
principle is demonstrated in figure 1.16). This is done by allowing the detection of
high spatial frequencies that are not typically possible using a normal microscope
[106], [111].

In the case of SIM, the known pattern is the grating, and the unknown is the
fluorescently labelled specimen and it is possible to obtain a resolution enhancement
in all spatial directions by approximately a factor of two [107], [110], [112], [113].
Though a greatly improved resolution is made possible, the requirement of taking
multiple images with the different grating orientations greatly reduces the temporal
resolutions available using this technique compared to standard widefield microscopy
and also increase rates of photobleaching [111], [114]. The technique is also highly
susceptible to spherical aberrations which distort the grating [107]. This technique has
seen further application through as a complimentary add on to other microscopy
methods such as I°M [105], multi-photon excitation [115] or light sheet microscopy
[116].
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Figure 1.16; Demonstration of utilising the moiré effect to obtain a resolution
enhancement. If an unknown structure A) is multiplied by a known pattern B) then the
resulting image C) contains an increase in information on structure A. Reproduced
from) [117].

1.4.5) Interference photoactivated localisation microscopy

In the mid-2000s widefield techniques were developed which were able to localise
single fluorophores with a high degree of precision to achieve super-resolution
microscopy on the order of 20 nm [118], [119]. These techniques were STORM [120]
and photoactivated localisation microscopy (PALM) [121]. Since then there has been
further developments of the PALM technique which utilise optical interference effects
and is called iPALM [118].

The principle of operation behind PALM is essentially the use of fluorescent proteins
(such as the photoactivatable green fluorescent protein (PA-GFP) which are able have
their emission switched on and off using an excitation source [122], [123]. As the
closely spaced molecules are switched to the emitting state and subsequently
photobleached whilst imaging, the single fluorescent molecules are separated from
each other allowing localisation to be carried out [124]. The localisation of each sub-
resolution molecule can be carried out by determining the centre of each molecule and
then applying a Gaussian fit to each object. The central location of each molecule can
be more precisely determined as a function of the inverse square root of the number of

photons recorded from each molecule [121], [125]. This technique is typically carried
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out using a TIRF setup to reduce the amount of background signal recorded [121]. In
the early years of this technique an issue observed was that it was only applicable in
the lateral plane with no axial information be obtained from the molecule [125].

Phase-shifting interferometric methods have been used for many different applications
where high degrees of spatial precision are required and utilise two coherent light
waves where one is a reference wave and the other is the measurement wave [118].
The measurement wave is reflected off a specimen of interest and is recombined with
the reference wave just before the detector allowing highly precise position
measurements to be carried out. With iPALM, the microscope is altered to have
opposing objective lenses in a 4Pi configuration (shown in figure 1.17). The emission
of a fluorophore is collected through both objective lenses and recombined to create
self-interference [126]. The recombination takes place at a three-way beam splitter
with each of the three output beams being detected by separate detectors [118], [127].
As the phase-difference recorded by each camera is spatially dependent the axial
position of the fluorescent molecule can be determined with a theoretical precision on

the order of 10 nm with no change in the lateral resolution from standard PALM [127].
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Figure 1.17; A) Schematic diagram of the microscope setup used for iPALM. The
excitation and activation light sources are introduced to the specimen via the bottom
objective lens only, with emission being collected through both objective lenses. The
emission undergoes self-interference within the 3-way beamsplitter which is shown in
greater detail in B). The spatially dependent phase difference induced intensity
modulation which is seen in C) can then be used to determine the axial location of the
emitting molecule by comparing the relative intensities observed on each of the
cameras. Figure reproduced from [118].

Though iPALM can offer 3D resolutions which far surpass the diffraction limit of far-
field microscopy there are several drawbacks to this technique. One of these is the
maximum depth of focus is on order of 225 nm due to the use of high NA TIRF
objective lenses which can limit imaging to either the periphery of the specimen or
very thin specimens [118], [127]. The temporal resolution of this technique is directly
limited by the spatial resolution as reducing the exposure time of imaging reduces the
number of photons collected and the number of localisation molecules that are
obtained to reconstruct the specimen [122]. This limits the application of this technique
when desiring to image dynamic processes in live cells, and as such it is typical that

cell specimens are fixed to increase the spatial resolution [127], [128].
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1.4.6)  Standing wave microscopy

A much expanded literature review of standing wave microscopy will be presented in
Chapter 2. However, in brief, the first efforts to utilise optical standing waves for
optical microscopy was carried out by F. Lanni in 1985 and were combined with total
internal reflection with modest success in imaging the actin of 3T3 cells though was
limited due to engineering constraints [129]. It was not until 1993 that Bailey et al.
[130] demonstrated that by mounting the specimen upon a mirror or by making use of
opposing objective lenses that a standing wave could be generated through either two-
counter propagating or a single reflected laser beam in a widefield microscope. By
using this experimental setup it was possible to make use of a single antinode of the
standing wave to obtain optical sectioning of specimens with a greater temporal
resolution than was possible using confocal microscopy with an axial resolution of
M4n [130], [131].

The concept of using standing wave excitation was taken further and combined with a
confocal laser scanning microscope [132], [133]. Amor et al. showed that by utilising
multiple antinodal planes generated within a red blood cell that a topographical map
of the membrane morphology could be obtained in healthy and unhealthy red blood
cells with a resolution on the order of 90 nm [133]. Prior to the work presented in this
thesis the most recent study making use of this technique has been combined with

stimulated emission depletion microscopy to obtain a resolution of 19 nm [134].

1.5) Overview of thesis

The following Chapters in this thesis will discuss the work that was carried out
investigating and developing the use of standing wave microscopy for imaging live
cell specimens and the development and testing of 340/380 nm LED illuminator for

ratiometric Ca?* imaging. A full background of Ca?* imaging in live cells will be given
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in the introduction section of Chapter 4. The structure of these Chapters will be as

follows.

Chapter 2 reports single colour video-rate standing wave microscopy of red blood
cells. This work presents a characterisation of the LEDs used along with a comparison
between the experimental resolutions and theoretical values using fluorescent lens
specimens. There is also a demonstration of the 2D and 3D reconstruction of the
standing wave movies that allowed the possibility of carrying visualisation of the
specimen. Finally, a comparison of the effects the standing wave technique has upon
the red blood cell specimens against standard widefield microscopy is presented by
analysing the average photobleaching rates and imaging the specimens over a longer

time scale.

Chapter 3 is an investigation of utilising TartanSW emission and excitation
microscopy of red blood and MCF-7 breast cancer cells to assist in overcoming some
of the limitations encountered when using single colour standing wave imaging. By
carrying out these experiments it was possible to reduce the information gap seen in
standing wave microscopy, resulting in a much more complete topographical
representation of the fluorescent lens and biological specimens. This Chapter also
makes use of the multiple excitation channels to take the difference between them in
order to reduce the antinodal plane thicknesses and hence increase the resolution of
the standing wave technique. This work also looked into reducing the ambiguity in the
relative axial localisation of the antinodal planes with reference to each other using
multiple emission bandwidths. However, it was found that it was not possible to
reconcile the lens results obtained experimentally with the theoretical values, but this
was possible using confocal microscopy. The technique was applied to live cell
specimens where spectral differences were able to be observed which in future could

be utilised to give a precise location above the mirror for each plane.

Chapter 4 is about the work that was carried out into utilising a new 340/380 nm LED
illuminator to perform Fura-2 AM ratiometric Ca®* imaging of live cell specimens.
This work compares the performance of this new system to a commercially available
350/380 nm LED illuminator and present the advantages discovered when using the
340/380 nm system.
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Chapter 5 presents a summary of the work presented in this thesis along with some

possible directions that this work could be taken forward in the future.
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Chapter Two:

Single colour widefield multi-planar
standing wave imaging of live cells with

high temporal resolution

his Chapter will discuss the experiments utilising an LED illuminator to

carry out single colour widefield standing wave imaging of fluorescently

labelled red blood cells at a video-rate. Through this work, it was first
confirmed that standing wave images were being generating that had antinodal
FWHMs and spacings between subsequent antinodes that were within 7 nm to the
theoretical. The technique was then used to recorded standing wave movies of red
blood cells which allowed the imaging of rapid membrane deformations to be carried
out in real time. The resulting membrane contour maps were then used to create a 3D
reconstruction of the specimen using a MATLAB script (written by my colleague Ross
Scrimgeour). This work also compared the standing wave imaging technique to
standard widefield epifluorescence imaging of red blood cells by analysing the
photobleaching rates and carrying out more long-term imaging of the red blood cell
specimens. It was found through these experiments that photobleaching rates were not
significantly different between standing wave and standard widefield imaging and that
both techniques caused red blood cell decay that occurred at the same rate.

2.1)  Introduction

An optical standing wave is a phenomenon that results from the constructive and

destructive interference that occurs between two light waves with equal wavelength
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travelling in opposite directions due to either counter-propagating sources or the
incoming and reflected components from a plane mirror [135]. A standing wave has
stationary points in constant fixed positions, nodes are points of zero intensity and are
separated from the subsequent node by a distance of A/2n, where A is the wavelength
of light and n is the refractive index of the media in which it propagates [136]. Between
these nodes there are fixed points of maximum intensity, known as antinodes, which
are located at a distance of A/4n from the previous node and separated from the next
antinode by A/2n [137]. A cartoon demonstration of the standing wave generation and

structure can be seen in figure 2.1.
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Figure 2.1; Cartoon diagram of the generation of an optical standing wave using a
plane mirror, shown at the 0 location. The blue line is the incoming wave and the red
line is the reflected wave. The black line is the standing wave which results from the
interference between the red and blue waves.

The first experiments into the detection of optical standing wave were carried out by
Otto Wiener in 1890 [138]. To do these experiments, first, a thin photographic film
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was deposited onto a glass plate which was then placed in front of silver plane mirror
at a small angle. The mirror was then illuminated at normal incidence to generate an
optical standing wave. When the photographic film was developed it was found that
the film was blackened at points which corresponded to the antinodes of the standing
wave and remained unaffected at the nodal points. Further to this, through the
experiment it was found that the optical standing wave component being detected by
the photographic film was the electric field rather than the magnetic field. This was
determined as the point at which the glass plate made contact with the mirror was not
blackened after exposure and as such corresponded to a node of the standing wave and
the electric field at the metal surface is zero (as it is cancelled out by the free electrons
in the metal). These experiments were then repeated by Drude and Nernst in 1892 with
the alteration that the photographic film was replaced with a fluorescent coating which
reconfirmed the results, this time recording fluorescence excitation at the location of

the antinodes and the fluorophores in the nodal regions not fluorescing [139].

2.1.1) Standing wave microscopy

The first experiments into utilising optical standing wave for sub-diffraction limited
optical microscopy were carried out by F. Lanni in 1986 [129]. In these experiments,
he created an optical standing wave within the specimen by propagating a collimated
laser source in such a way to undergo total internal reflection at the coverslip boundary
above the specimen. The incident and reflected light then interfered with each other
and resulted in nodal spacings of 1/2n(cos6.), where 6, is the angle of incidence
which must be larger than the critical angle. Fluorescence emission was collected by a
dry objective lens above the specimen which meant that high lateral resolution was not
achievable as the use of high NA immersion objective lenses would result in total
internal reflection not occurring at the correct boundary. Also, as the light was
introduced to the specimen at an angle different from the normal meant the minimum
nodal spacings was not obtained which limited the axial resolution achieved [129].
Even with these constraints it was possible to image the actin filaments of fixed 3T3
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cells stained with rhodamine-phalloidin. The experimental set up for these experiments
is shown in figure 2.2.
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Figure 2.2; Experimental setup from the initial standing wave experiments in 1985
showing the total internal reflection of the excitation light at the coverglass causing

self-interference to occur within the specimen. [129].

The next investigation into using a standing wave field to increase axial resolution was
carried out in 1993 by Bailey, et al. [130], [131]. In this study a much simpler approach
than proposed previously was implemented utilising widefield 4Pi opposing objective
lens geometry in order for two counter propagating collimated lasers beams to undergo
interference within the specimen creating the standing wave. The other technique for
generating a standing wave made use of a single objective lens and a mirror placed
beyond the specimen where the standing wave was created through interference of the
incident and reflected components of the laser beam [130]. Utilising these methods,
the minimum node spacing of 1/2n was achieved which gave an axial resolution equal

to the FWHM of the antinodes, 1/4n, [140]. Using the standing wave technique, the

74



axial resolution is defined as the FWHM of the antinodes as this represents the axial
uncertainty in the position of any excited fluorophore due to everything within the
FWHM being excited simultaneously [129], [130], [133]. By changing the phase of
the propagating illumination, the location of the nodes and antinodes could be shifted
and it was proposed that this technique could be used as a method to carry out optical
sectioning with greater axial and temporal resolution than possible using a confocal
microscope [130]. Using this technique it was possible to image actin stress fibres in
fixed 3T3 cells labelled with rhodamine phalloidin and Lanni went on to use this
approach to measure F actin densities in the leading edge of 3T3 cells in order to study

their migration [141].

More recent work using standing waves was carried out by Elsayad et al. who
combined the specimen and mirror standing wave approach making use of laser
scanning confocal microscope for the first time [132]. In these experiments,
fluorescent specimens were directly cultured onto a reflector and utilised the first
antinode of the standing wave field to precisely map fluorophore locations based on
the spectral shape of the recorded emission self-interference with an axial depth of up
to 150 nm and with a precision of 5- 10 nm [132]. Amor et al. built upon this
experimental work by carrying out experiments that not only utilised a single antinodal
plane, as in previous work, but imaged specimens that were much thicker than the
antinodal separation using a laser scanning confocal microscope which resulted in
acquiring multiple antinodes simultaneously [133]. To do this, a fluorescently coated
lens specimen upon a mirror was first used which provided an image comprising of
concentric rings of fluorescent emission, which were at the locations of the antinodes.
These images have encoded in them 3D axial information within the concentric rings
and as such by using this result and the known geometry of the lens specimen it was
possible to directly compare the experimentally recorded antinodal spacings and
FWHM with the theoretical values. After confirming the experimental values, the
study then went on to use the technique to image fluorescently labelled red blood cells
on a mirror. It was found that a contour map of the membrane topography was obtained
in both healthy and unhealthy intact red blood cells and red blood cell ghosts. This
technique allowed for the observation of the bi-concave section of the red blood cell

which was not possible when imaging without a mirror and allowed for an axial
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resolution on the order of 90 nm to be achieved. Whilst axially super-resolved maps
of the specimens were acquired, the use of a confocal laser scanning microscope
limited their acquisition time to 40 seconds per frame [133] which results in rapid

membrane movements being temporally averaged and therefore lost.

The work presented here utilises the mirror based standing wave imaging approach to
achieve widefield axial super-resolution images. As a mirror is being used to generate
the standing wave there will be a node located at the surface of the mirror with the first
antinode occurring at a height of 1/4n above the mirror. The equation used to describe

the intensity of the standing wave excitation field is [129], [135],

I, = Ij[1 — cos(Kz — ¢)] (2.1)
where z denotes a coordinate along the z axis (optical axis), ¢ is the relative phase of
the two counter-propagating light waves and K = 4"%05(9) [140], [142]. The spacing

between the nodes and antinodes, As, is given by

As=2=_2 (2.2)

K 2n cos(6)’

where n is the refractive index of the media in which the light is propagating, A4 is the
wavelength of excitation light and 8 is the angle of propagation relative to the optical
axis. As the light is propagating along the optical axis it results in the minimum

antinodal separation and equation (2.2) can be written as
As = — (2.3)

As these experiments are utilising multiple antinodal planes to image the specimens
an expression for the full standing wave PSF must be used for simulating the data. The
full axial PSF for standing wave microscopy can be described as a convolution of the
excitation standing wave field and the widefield epifluorescence axial emission point
spread function [143], [144]. The axial intensity distribution of the widefield
epifluorescence emission point spread function can be described by the following
equation [131], [143], [145].,

PSFep = [sine (sa—z)]? (2.4)

2nldem
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were A.,, is the peak emission wavelength. This full axial PSF for standing wave

microscopy can be hence written as [143],

PSFgy, = [1 — cos(Kz)][sinc (2:;2 Z)]2 (2.5)

The result of this PSF is a series of antinodal planes which decrease in intensity
throughout the axial widefield microscopy PSF. It is clear the resolution of the standing
wave technique being A/4n that in the case of visible wavelengths the resolution
achievable using standing wave microscopy can be significantly below the axial
diffraction limit, for instance, using an excitation wavelength of 490 nm with a
specimen submerged in fluid with a refractive index of 1.33 would give an antinodal
plane resolution of 92.1 nm though the number of these planes which are detected is
dictated by the NA of the microscope objective as this will limit the depth of focus.
The effect of the NA is explored in section 2.3.1.

2.1.2) Red blood cells

Adult mammalian red blood cells are a unique cell type which lacks a nucleus,
mitochondria and other organelles. In most mammalian species red blood cells have a
characteristic biconcave shape that permits increased manoeuvrability and faster
diffusion of oxygen and carbon dioxide across the plasma membrane [146]. The red
blood cell membrane exhibits an inherent age-dependent flickering which has been
widely reported and was documented as early as 1890 [147] and it has been suggested
may be due to either thermal processes or a combination of dynamic remodelling of
the cytoskeleton and active membrane mechanisms [148]-[150]. The investigation of
red blood cell diseases has been of considerable interest in biology and many of these
disorders can be identified through membrane morphology changes such as sickle cell
disease [151], [152], hereditary spherocytosis [153], [154], and elliptocytosis [154].
These clearly defined morphological shapes between healthy or unhealthy red blood
cells allows them to be a perfect candidate for optical microscopy techniques to aid in

diagnosis or investigation.
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2.1.3)  Motivation for work

Through this work, the aim was to build on the experiments carried out by Amor, et
al. [133] to carry out widefield multi-planar standing wave imaging of red blood cells
at a video-rate, so as to visualise rapid membrane deformations and create a 3D
topographical map of the specimen. As all previous investigations using standing wave
microscopy have utilised a laser for illumination, it was one of the aims of this work
to make use an LED illuminator instead. The use of lasers for dual objective lenses
standing wave microscopy was necessary as the ability to shift the antinode location
by changing the phase of the two beams could only be achieved with laser illumination
[130]. Conversely, by using the mirror based standing wave method the standing wave
is always forced to a node at the mirror surface meaning that requirement for altering
the phase of the illumination is removed opening up the possibility of utilising LEDs.
The optical standing wave can be achieved using an incoherent light source for
widefield microscopy by ensuring that the illumination is collimated as it exits the
objective lens as the flat wavefronts will reflect perpendicularly off the planar reflector

in order to undergo self-interference between the two components.

With the rapid rate of progress and development in technology, high-brightness LEDs
are now a common feature in microscopy labs as researchers make use of many of the
advantages held over conventional light sources. Other sources of illumination such as
lasers or arc lamps have limitations that include their high initial and maintenance
costs, comparatively short operational lifetime, and the ability to generate only certain
wavelength outputs in lasers or the broad spectrum output of arc lamps (this can be

seen as an advantages depending on the applications) [155].

Current commercial LED systems are capable of outputting spectrally narrow
illumination across a wide range of the electromagnetic spectrum from ultraviolet
(UV) to infrared (IR) allowing users to excite a wide range of dyes [156] with a high
optical power, provide rapid rise-fall switching between on and off (not limited by
neutral density filters and mechanical shutters) and have typical operational lifetimes

in excess of 10,000 hours [157]. The precise electronic control of the output power of
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an LED is another benefit which can reduce photo-toxicity in biological specimens
and fluorophore photobleaching. This also allows a regular widefield microscope to
be very simply made capable of carrying out high speed super-resolution microscopy,

using only a mirror to create the standing wave illumination.

2.2) Materials and methods

In order to carry out video-rate widefield standing wave microscopy utilising an
incoherent LED source for illumination, it first had to be confirmed that the standing
wave structures obtained were comparable to that which was expected theoretically.
To do this, the LEDs had to be first characterised so to know the peak output
wavelengths which dictate the standing wave structure. A microscope set up also had
to be developed which supported video-rate imaging that also synchronised the
illumination source to the camera along with the optimum collection of fluorescence
emission. The specimens used for these experiments were a fluorescent lens specimen,
which allows the experimental antinodal FWHM and spacings to be obtained for each
LED, and red blood cells, due to the dynamic nature of the cell membrane which could

possibly be observed at a video-rate.

2.2.1) Preparation of fluorescently coated lens specimens

Uncoated silica plano-convex lenses, with either a focal length of 60 mm or 30 mm,
both with a diameter of 6 mm (Edmund Optics), were cleaned using deionised water
and then blow dried with compressed air to remove any contaminants. The lens
preparation protocol which was described by Amor et al. [133], was amended by
replacing the APTMS coating with a solution of 0.01% mass concentration poly-L-
lysine in H2O (Sigma Aldrich) to allow the binding of 1,1'-Dioctadecyl-3,3,3',3"-
Tetramethylindocarbocyanine Perchlorate (Dil) to the lens surface. The specimens and
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poly-L-lysine solution were placed on a platform rocker for 45 - 60 minutes to evenly
coat the curved surface of the lenses in the solution, after which the lenses were

thoroughly washed in deionised H>O and blow dried.

A fluorescent layer was deposited on the lens specimen in order to compare the
theoretical and experimental standing wave antinodal spacings and FWHM in the same
manner as carried out in the work of Amor et al. [133]. To deposit a monolayer of Dil
on the curved surface of the lens specimen, a 30 pM solution was prepared by diluting
560 puL of a 1 mg/mL stock solution of Dil (Invitrogen) in 20 mL of dimethyl sulfoxide
(DMSO, Sigma).

The lens specimen was coated with Dil which was also used to label the red blood
cells and has been used extensively in red blood cell membrane studies [133], [158],
[159]. Specimens are labelled through direct application of the dye allowing the two
lipophilic hydrocarbon tails to diffuse laterally into the membrane after which it
fluoresces brightly and is reported to not cause toxicity to the specimen [160]-[162].
The chemical structure of Dil and the excitation/emission spectra are shown in figure
2.3.

The lens specimens were placed in a glass petri dish with the curved surface submerged
in the dye solution and gently rocked overnight. The petri dish was wrapped in
aluminium foil to prevent photo-damage to the dye during this period. The following
day the specimens were washed three times in deionised water, then dried using

compressed air and kept out of direct light until imaging.
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Figure 2.3; A) Chemical structure of the fluorescent lipophilic dye, Dil. B) Excitation

and emission spectra of Dil suspended in PBS[163].

2.2.2) Red blood cell isolation and staining

Blood specimens were obtained on the day of the experiments via the cardiac puncture
of a single mouse, which was euthanised through carbon dioxide exposure, and the
collected blood immediately mixed in a centrifuge tube (Star Labs) with acid citrate
dextrose (ACD), an anti-coagulant. The ACD comprised of 1.32 g trisodium citrate
(Fisher Scientific), 0.48 g citric acid (Arcos Organics) and 1.40 g dextrose (Fisher
Scientific) and was made up in 100 mL of distilled water. ACD for these experiments
was provided by Dr Margaret Cunningham (University of Strathclyde) and cardiac
punctures were performed by either the author, or the technical staff from the
University of Strathclyde’s Biological Procedures Unit in accordance with UK Home

Office guidelines and approved by the University of Strathclyde Ethics Committee.
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The process for isolating and staining the red blood cells has been adapted from the

protocol described by Amor et al. [133].

The mouse blood and ACD suspension was spun down at 2000 rpm for 10 minutes
with the supernatant removed and the pellet resuspended with 500 pL of 4% bovine
serum albumin (BSA) (Sigma) in phosphate-buffered saline (PBS) (Gibco). The 4%
BSA and PBS had a refractive index of 1.341 that was measured using an Abbe 60
refractometer (Bellington and Stanley Ltd.) which had been calibrated using methanol
and glycerol. This process was repeated another three times so only a suspension of
red blood cells remained.

Red blood cells were fluorescently labelled by adding 200 pL of the red blood cell
suspension to 790 pL 4% BSA in PBS along with 10 pL of a 1 mg/mL stock solution
of Dil. The solution was then incubated at 37 °C for 60 minutes whilst being gently
shaken to ensure even distribution of the dye. After this, the fluorescently labelled red
blood cell suspension was spun down and resuspended a further four times to remove

all excess dye.

Silver broadband mirrors (Thorlabs) were prepared for imaging by first being
thoroughly cleaned in ethanol (purity > 99.8 %, Sigma). Then, to promote specimen
adhesion to the mirrors the reflective surface was coated with a solution 0.1% mass
concentration poly-L-lysine (Sigma) and incubated at 37 °C for 45 — 60 minutes whilst
being gently rocked. This was done so as to leave a layer of positively charged ions on
the mirror which will cause an electro-static interaction with negatively charged ions
in the membrane of the red blood cells [164]. The preparation was then washed with
PBS and sterilised using UV light. 5 uL of the red blood cell suspension was pipetted

onto the mirrors under a coverslip (VWR, thickness = 1.5) 10 minutes prior to imaging.

2.2.3) Imaging apparatus and LED characterisation

Video-rate standing wave imaging of the fluorescently labelled specimens was carried

out using an upright epifluorescence microscope (BX50, Olympus) using a 10x/0.4
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dry objective lens (UPlanSApo, Olympus) for imaging the lens specimens and with a
100x/1.4 oil immersion objective lens (UPlanSApo, Olympus) when imaging the red
blood cells. The lens specimens were imaged in air or with a layer of 4% BSA in PBS
between the specimen and the mirror to confirm the antinodal spacings and FWHM

were comparable to theoretical values calculated using equation (2.5).

Illumination of the specimens was provided by either a 525 nm LED (pE-4000,
CoolLED) with a bandpass filter (525/50, Olympus) which had a peak wavelength of
532 £ 1.50 nm (FWHM - 32.5 + 1.50 nm), or a 550 nm LED (pE-4000, CoolLED)
with a bandpass filter (535/30, Olympus) with a peak wavelength of 549 + 1.50 nm
(FWHM - 11.9 £ 1.50 nm). Output spectra of the LEDs (shown in figure 2.4) were
measured using a spectrometer (USB2000 spectrometer, OceanOptics) and the peak
wavelength and FWHM were determined by reading the spectra into OriginPro 2016
and using the inbuilt Quick peaks and Integrate functions. The bandpass filters
mentioned above were used to prevent bleed-through to the detector, and the LEDs
were coupled to the microscope using a liquid light guide and collimator (Universal
collimator, CoolLED).

An average optical power at the specimen plane of 1.32 £ 0.01 mW for the 525 nm
LED (control pod intensity of 20 % and drive current of 0.78 + 0.02 A) and 1.71 £
0.01 mW for the 550 nm LED (control pod intensity of 20 % and drive current of 0.85
+0.02 A) was used for these experiments. These measurements were the average result
of three recordings at the specimen plane under the 100x objective lens using a power
meter (Fieldmax Il, Coherent) with a thermal head (PM10, Coherent) and a three
second integration time (shown in figure 2.5).
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Figure 2.4; Output spectra of A) 525 nm LED and B) 550 nm LED obtained at the

specimen plane using the 525/50 clean-up filter.
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Figure 2.5; Power of A) 525 nm LED and B) 550 nm LED measured at the specimen
plane under an Olympus 100x/1.4 oil immersion lens.

Fluorescence emission was collected at wavelengths longer than 561 nm using a
CMOS camera (ORCA-Flash 4.0LT, Hamamatsu) with a binning n = 2 and an
exposure time of 33 ms. Extra magnification was added before the camera to increase
the number of pixels used for imaging the specimen and reduce the number of red
blood cells present in the field of view which allows for easier computational
reconstruction. The extra magnification comprised of an elongated camera mount tube

which contained an eyepiece that magnified the images by 2.99x. The LED and camera
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were synchronised and triggered using the WinFluor imaging and electrophysiology
analysis software [165], which also recorded continuous imaging at a rate of 30.3 Hz.
High temporal resolution imaging experiments had a duration so as to provide a final
standing wave movie size of 1000 frames. A schematic diagram of the experimental

setup can be seen in figure 2.6.
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Figure 2.6; A) Schematic diagram of experimental setup demonstrating the coupling
of the 525 and 550 nm LEDs to the BX50 microscope system via liquid light guide and
collimator. The excitation light then reflects off a >561 nm dichroic mirror to generate
a standing wave due to self-interference at the mirror located at the specimen plane.
This standing wave of light causes fluorescence emission at the standing wave
antinodes which then propagates upwards through the lens, dichroic mirror and long
pass filter to be detected by the SCMOS camera. The fluorescence signals are recorded
by the computer which synchronises and triggers the LED and camera. B) Magnified
view of the specimen plane demonstrating on how the standing wave antinodal planes

interact with the red blood cell.
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When experiments were carried out using the extra magnification and a camera
binning n = 2 the camera had a pixel size of 44.0 nm. The theoretical resolutions
according to equations (1.5) and (1.6) with the 525 nm LED and 550 nm LEDs were
calculated to be 248 nm laterally and 881 nm axially. The emission wavelength of
570 nm was used as A for these calculations as the experiments are making use of
widefield collimated excitation light and as such the different excitation wavelengths
should make little difference to the widefield resolution measurements. This was
checked experimentally by imaging 200 nm diameter fluorescent bead mounted in
gelvatol, taking a line intensity profile through the centre of the beads and determining
the FWHM of the profile. Through this process, it was found that the lateral resolution
when using the 525 nm LED was 304 + 44.0 nm and 290 + 44.0 nm for the 550 nm
LED. These difference between experimental and theoretical resolutions can be
attributed to a refractive index mismatch between the immersion oil (n = 1.515 at a
wavelength of 546 nm at room temperature [166]) gelvatol (n = 1.482 at a wavelength
of 546 nm at room temperature [167]) and the coverslip or perhaps slight aberrations

in the optical system.

2.2.4) Image analysis and computational reconstruction

Standing wave movies were exported from WinFluor as a . TIFF stack and opened in
ImagelJ. The images were then cropped to give a square region of interest (ROI) around
the specimens of interest and were brightness and contrast adjusted to allow the
antinodal planes to be distinguished more easily from the background. All
computational reconstructions were performed using MATLAB R2017a and a desktop
computer running 64-bit Windows 7 operating system with an 7™ generation Intel core
i7-770 3.6 GHz quad-core processor and 64 Gb of 2400 MHz DDR4 RAM.

The .TIFF stacks were then opened in the MATLAB script created by Ross
Scrimgeour. The first process that was carried out on the images was to apply a
Gaussian blur. The purpose of this was to reduce the amount of high frequency noise

present in the images to allow for easier processing. The images were then intensity
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thresholded to isolate only the antinodal planes and transform the image into a binary
matrix. This was done using a standard MATLAB local adaptive threshold function
with a sensitivity of 0.60.

It was found in some of the movie frames that antinodal planes at different height
appeared to come into contact. This would not be possible unless the plane moved
axially through a node or coinhabited the same axial location as the touching plane and
as such it was determined that the effect was caused by the limited lateral resolution
of the widefield microscope. In order to create a 3D reconstruction, it was necessary
to computationally separate these planes, so the antinodal planes were recognised as
separate objects by MATLAB and axial height values could be assigned. To do this, it
was first necessary to detect all the nodal planes in the images. Once these were
extracted the planes were then thinned to single pixel thick lines and by rotating the
image in one-degree intervals the radial coordinates for each plane was recorded. As
this step was detecting the nodal plane locations, any discontinuity in a nodal plane
would be at the locations were the antinodal planes appeared to be in contact. Using a
cubic interpolation, it was possible to fill in the missing data points and remove the
discontinuities in the nodal planes. These were then subtracted from the threshold
antinodal plane images to remove any touching antinodes and allow 3D reconstruction

to be carried out.

Once the antinodal planes were separated, the images were run through a Canny edge
detection function. This was done to detect only the boundaries for each antinodal
plane and allowed an axial height, based on the antinodal spacing and FWHM, to be
assigned to each edge. The resulting 3D structure then had a cubic interpolation applied
S0 as to determine the locations of points that fell between the two plane edges. Using
the obtained equation, the remaining points had an axial location assigned. The final
step was to assign to each 3D point the original intensity value taken from the starting
2D frame and store the resulting movie as a .TIFF stack. The key steps in the image

reconstruction are presented in a flow chart in figure 2.7.
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Figure 2.7; Flow chart demonstrating the key computational steps carried out in order

to obtain either the 2D reconstruction or the 3D reconstruction of the red blood cell

standing wave movies.

2.3) Results
2.3.1)  Standing wave PSF simulation

In order to compare the experimentally obtained antinodal spacing and FWHM to the
theoretical values the PSFs were computationally simulated using different imaging
media and objective lenses with different NA. To do this equation (2.5) was used with

the excitation wavelengths equal to the peak wavelengths of the 525 nm or the 550 nm
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LEDs and the peak emission wavelength equal to 570 nm. A table of these results and

plots of the resulting PSFs can be seen in table 2.1 and figures 2.8 — 2.11.

Table 2.1; Antinodal spacings and FWHM in different media obtained from the
theoretical PSFs of a 0.4 NA and 1.4 NA lens that were simulated using the excitation

wavelength of 532 nm or 548 and an emission wavelength of 570 nm.

LED NA 0.4 and refractive NA 1.4 and refractive
index of media=1 index of media = 1.314
Antinodal | Antinodal | Antinodal | Antinodal
spacing FWHM spacing FWHM
(nm) (nm) (nm) (nm)
525 nm 266 133 194 97.0
550 nm 274 137 199 99.7
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Figure 2.8; Theoretical standing wave point spread function using a 525 nm LED as
the excitation source and with a NA = 0.4 objective lens in air.

91



12 T T T T T T T T T
signal
¥ peak

o 1T | prominence 7
= '.I width (half-prominence)

] |

& 08 / 4 |
© l

= | |

£ [\

< 06} i \ .
= |

) | \

C |

L par { \ E
= |I | \
h=] \ |

[ub] |I I| \

“ 02| | | \ i
ﬁ ; III III

E . \
5 \
5 Va RIS

—DZ 1 1 1 1 1 1 1 1 1

0 100 200 300 400 500 600 700  BOO 900 1000

Height from Mirror (nm)
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Figure 2.10; Theoretical standing wave point spread function using a 550 nm LED as
the excitation source and with a NA = 0.4 objective lens in air.
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Figure 2.11; Theoretical standing wave point spread function using a 550 nm LED as
the excitation source and with a NA = 1.4 objective lens with 4% BSA and PBS.

It is apparent from the above plots that whilst the excitation wavelength dictates the
location of the antinodes and their FWHM the NA of the objective lens is what
determines the number of planes which will be detected. This is due to the emission
intensity drop off of the standing wave PSF within the focal depth of the objective lens
used. The objective lens in this work is used only as the collection of the emission as
our excitation illumination is collimated exiting the objective lens.

2.3.2) Standing wave imaging of fluorescently coated lens

specimens

In order to confirm that using a LED for imaging that it was possible to obtain
antinodal spacings and FWHMs that were comparable to the theoretical values
fluorescently labelled lens specimens were imaged with different media between the

specimen and the mirror (figure. 2.12A and C). Radial averaging of the lens specimen
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images was done by using a custom MATLAB script called radialavg [168]. In order
to apply the script, the images were crossed in ImageJ, so they contain only eight
antinodal planes. The MATLAB script was then to take a line from the centre of the
image to the edge and sweep it radially through 360° at 1° intervals whilst recording
the intensity value at each point along the line. An average at each point was then
obtained from each rotation. Then using the known geometry of the lens and the
following equation it was possible to transform these radial values into axial ones

above the mirror,
d= —VR?2—r2+R (2.6)

where R is the radius of curvature of the lens specimen and r is the radial distance
from the centre. The next step was to compare the average axial antinodal spacings
and FWHMs (figure 2.12B and D) to the theoretical values that were calculated from
the analysis of the theoretical PSF calculated using equation (2.5). To determine if the
theoretical and experimental values were statistically different a single sample t test
was applied to the theoretical values where P < 0.05 was considered significant. All
uncertainties expressed with the average spacings and FWHM are the standard error

in the mean.

The standing wave images recorded with the 525 nm LED and the 60 mm focal length
lens imaged in air had an average antinodal space of 265 = 10.2 nm (P > 0.05 compared
to theoretical value 266 nm) and FWHM was 137 + 3.6 nm (P > 0.05 compared to
theoretical value 133 nm). The image in the 4% BSA and PBS had an antinodal spacing
and FWHM of 197 £ 4.4 nm (P > 0.05 compared to the theoretical value 194 nm) and

91.4 +£5.7 nm (P > 0.05 compared to the theoretical value 97.0 nm), respectively.
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Figure 2.12; Standing wave images of the lens specimens obtained using the 525nm
LED in A) air and C) 4% BSA and PBS. The radial averaged plots obtained of the
antinodal axial locations in B) air and D) 4% BSA and PBS using a camera binning n
=2.

The lens imaging experiments were repeated for the 550 nm LED using the 30 mm
focal length lens in 4% BSA and PBS had an average experimental antinodal spacing
of 192 + 3.5 nm (P > 0.05 compared to theoretical value of 199 nm) and an antinodal
FWHM of 93.0 £ 6.8 nm (P > 0.05 compared to the theoretical value of 99.7 nm).

2.3.3)  Video-rate standing wave imaging of red blood cells

Using the optical setup shown in figure 2.6 it was possible to carry out widefield
standing wave imaging of the bottom half of a fluorescently labelled red blood cells
upon a mirror at speeds in excess of video-rate (see figure 2.13). The optical
attenuation by a single red cell has been measured previously to be around 20 % in the
green spectral region which was used to excite Dil [169], which supports the
propagation of the excitation light and, following reflection from the mirror surface
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below the cell, allowing the formation of the standing wave. By carrying out this
technique small and rapid membrane fluctuations were able to be imaged in real time
that resemble the characteristic membrane flickering that is reported to occur in red
blood cells [150] which would not be detected using point scanning methods due to
the limited temporal resolution available [133]. Using the data from the resolution
measurements and the imaging of the fluorescently coated lens specimens in 4% BSA
and PBS it can be concluded that a lateral resolution of 304 + 44.0 nm and an axial
resolution of 91.4 £ 5.7 nm using 525 nm LED illumination and 290 + 44.0 nm laterally
for the 550 nm LED images with an axial resolution of 93.0 £ 3.5 nm is being achieved

using this technique.

Figure 2.13; Single frames taken from the 525 nm LED video-rate standing wave
movie of the bottom half of a red blood cell labelled with the membrane dye Dil using
a camera binning n = 2. The frames presented as A-F are frames 1, 200, 400, 600, 800
and 999.

To aid visualisation of the standing wave movies of the red blood cell specimen
computational reconstructions of the data were performed. To do this the antinodal
planes were extracted and separated using the method described in section 2.2.4. This
allowed the original intensity data to be normalised and have the axial heights mapped
to each pixel. The 2D result of this can be seen in figure 2.14 and the 3D reconstruction

in figure 2.15 with both an exaggerated and actual axial aspect ratio. Through the
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bottom bi-concave section of the red blood cell as well as the very outer section of the
cell membrane can be clearly seen. As the data has been computationally extracted it
makes it not only easier to visualise but for further quantitative analysis to be carried

out.

It was possible to create 3D movies consisting of 835 frames from the full 525 nm
excitation standing wave movie and 981 frames from a 550 nm excitation standing
wave movie. The frames that are missing are due to limitations in the script and data
resulting in some frames being unable to undergo 3D reconstruction. As axial heights
or antinodal separation was not required to be carried out for 2D reconstructions it was

possible to generate full 12000 frame movies of these.

Figure 2.14; Single frames taken from the 2D computational reconstruction of the 525
nm LED video-rate standing wave movie. The frames presented as A-F are frames 1,
200, 400, 600, 800 and 999.
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Time (s) = 0.033

Time (s) = 0.033

Figure 2.15; A 3D reconstruction of frame one of the standing wave red blood cell in
which A) the axial aspect ratio has been increased to 13.33 to aid visualisation and B)
the aspect ratios have not been altered.

2.3.4) Comparison between standing wave imaging and

standard widefield epifluorescence imaging

After successfully carrying out video-rate standing wave microscopy and generating
2D and 3D reconstructions of the red blood cell movies it was then of interest to
investigate the effect of the standing wave imaging technique on the rate of specimen
photobleaching and compare this to that recorded using video-rate widefield
epifluorescence microscopy. To do this standing wave imaging of 10 red blood cells
excited using the 550 nm LED was carried out using the method described above. To

investigate the photobleaching rates the cropped and contrast adjusted movies were
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inputted into the MATLAB script to obtain a normalised 2D reconstruction for each
one. As before, the MATLAB script applied a local threshold to isolate the anti-nodal
planes and the average intensity of all the non-zero intensity pixels were determined
and outputted for each time point. This process was repeated but with the red blood
cells on standard microscope slides rather than a mirror to image the cells using
standard widefield epifluorescence illumination rather than with a standing wave. The
average normalised intensity along with the standard error of the mean for each time
point (n = 10) for standing wave microscopy can be seen below in figure 2.16A and

for widefield epifluorescence imaging in figure 2.16B.
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Figure 2.16; Average normalised intensity obtained from A) standing wave movies
and B) widefield epifluorescence imaging of red blood cells (n = 10) excited using a
550 nm LED with a power at the specimen plane of 1.71 + 0.01 mW. Errors in the

values listed above are the SEM.

When comparing the data using both techniques it was found that the average intensity
decrease observed across the 1000 frames when using standing wave imaging was 51.9
* 2.28 % and for standard widefield epifluorescence imaging it was 47.8 £ 4.78 %.

These rates were compared using a student t-test after which it was found that there
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was no significant difference between the average photobleaching rates recorded with
each technique (P > 0.05).

The average initial normalised intensity values when using each technique were
compared and it was found that the standing wave imaging provided an initial
normalised intensity of 0.55 + 0.02 which was significantly larger than that when using
widefield epifluorescence microscopy using the same power at the specimen plane (n
=10, P <0.05 compared to an initial intensity using widefield epifluorescence imaging
of 0.46 £ 0.03). The increased brightness of the standing wave images compared to the
widefield epifluorescence images could be attributed to the multiple bright fluorescent
antinodal planes being present in the standing wave images. In widefield
epifluorescence microscopy there is only a single bright plane with the rest of the

image being composed of out of focus fluorescence.

The effect of the imaging technique on red blood cells was also explored over a longer
timescale. Red blood cells were placed on either a mirror or a microscope slide and
imaged the specimens using the 550 nm LED. An LED and camera exposure time of
100 ms and capture an image every 15 seconds for a duration of 30 minutes. Six
timepoint images from these experiments can be seen in figure 2.17 for imaging with

a standing wave and figure 2.18 for widefield epifluorescence imaging.

Figure 2.17; Cropped and contrast adjusted standing wave images of a red blood cell.
The frames presented as A-F are at time points 15, 360, 720, 1080, 1440 and 1800 s.
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Figure 2.18; Cropped and contrast adjusted standing wave images of a red blood cell.
The frames presented as A-F are at time points 15, 360, 720, 1080, 1440 and 1800 s.

As can be seen from the above figures, standing wave microscopy reveals a greater
amount of topographical information about the decay of the red blood cell. It is also
apparent that both red blood cells appear to turn unhealthy, flatten and undergo
membrane deformations at approximately the same rate regardless of which technique

was used.

2.4)  Discussion

All previous applications of standing wave microscopy have utilised lasers [130],
[132]-[134], [140] for illumination, but in this research, an LED source has been
utilised instead. As this was the first use of a LED illuminator, it was first necessary to
confirm that it was able to generate experimental standing wave antinodal spacing and
FWHMs that were comparable to the theoretical values. To do this the model
fluorescent lens specimen imaging experiments of Amor et al. were replicated with
media of different refractive indices between specimen and the mirror. It was found

through these experiments that in all media, antinodal spacings and FHWMs were
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obtained that were not significantly different from the theoretical values (P > 0.05). It
was also found that the 550 nm LED provided better results than 525 nm LED, this is
to be expected as the 550 nm LED more closely matches the excitation peak of Dil.
The reason for why the 550 nm LED was not used exclusively is because it was not

obtained it until a much later date.

It has been reported previously that Dil is resistant to photobleaching [160]-[162].
However, in these experiments an intensity decrease of approximately a 50 % was
observed over the 33 second imaging period. This photobleaching can be attributed to
either the majority of the decay occurring during the specimen preparation and finding
of the specimens prior to imaging or to perhaps a contribution of a dye interaction with
reactive oxygen which has been observed to increase the photobleaching rates of Dil
[170]-[172]. Photobleaching rates have always been a limiting factor when carrying
out microscopy and can be especially problematic when carrying out super-resolution
microscopy [173], [174] so the ability to cause no increased rate in bleaching compared
to widefield epifluorescence imaging can be a significant advantage. Other membrane
dyes were investigated for use in these experiments, such as DiO, DiA and Di-8-
ANEPPS, but it was found that they were unsuitable as either the dyes were
internalised by the red blood cells or photobleached too rapidly for practical use.

IRM has also been used previously to image red blood cells allowing the specimens to
be imaged without using a fluorescent probe, and results in images that resemble those
obtained using the standing wave technique [175], [176]. It has been shown previously
though that IRM has provided membrane topography results that are not in agreement
with those obtained using other methods. One such study that demonstrated this was
by Gingell, et al. [177]. The aim of the study was to measure the thickness of the gap
between coverslip and the membrane of chick fibroblasts which was done by filling
this region with a fluorescent dye that was not able to be taken up by the cell and it
was observed though TIRF excitation that there were close contact regions devoid of
dye over almost the entire area of the cell. This was contrary to what was observed
using IRM which in addition demonstrated a dark band around the boundary of the
cell which was not seen in TIRF. It was speculated that the IRM image was influenced
not by the membrane topography but by the thickness of the cytoplasm in that region.
The observations of this study were also replicated by lwanaga et al. [178] who carried
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this out using a standing wave based method known as Fluorescence interference
contrast microscopy (FLIC). Dil was used to label the membrane of the cells which
were grown on silica micro-steps and demonstrated that the standing wave-based
technique provided an unequivocal axial ruler and as such was a reliable method for

studying membrane topography, whereas IRM was not.

As discussed in Chapter 1, it is also common to find that super-resolution techniques
or point scanning techniques typically sacrifice temporal resolution in order to increase
spatial resolution [179], [180], whereas in this study it was possible to improve the
widefield axial resolution by a factor of approximately 8 and maintain high temporal
resolution imaging of live cell specimens in 3D. This was not possible in the work
carried out by Amor et al. as the study utilised a scanning confocal microscope for
imaging [133]. The ability to carry this out on a widefield microscope also allows for
the possibility of multiple red blood cells to be investigated simultaneously which
could be an advantage for diagnostic purposes or studies requiring a high data

throughput.

It has also been discussed in Chapter 1 that many super-resolution microscopy
techniques are able to provide a spatial resolution improvement both axially and
laterally, something which is not possible in standing wave microscopy, so it is likely
that there will be circumstances where standing wave microscopy is not a suitable
technique, such as when very high lateral resolution is required. Even with this
limitation though, it was possible to carry out video-rate standing wave microscopy
which allowed rapid membrane fluctuations and membrane morphology of red blood
cells to be imaged which can be an advantage for researchers looking to investigate
membrane flickering and the biomechanical characteristics of red blood cells [148],
[149], [181] or the behaviour of diseased or healthy red blood cells undergoing
morphological changes [151], [182]-[185].

One of the antinodal planes generated within the specimen by standing wave
microscopy could be thought of as analogous to the illumination pattern generated by
light sheet microscopy. In light sheet microscopy the light is focussed into a single
uniform illumination plane which is scanned through the specimen which reduces

photobleaching and photo-toxicity with the fluorescence emission being collected in a
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widefield fashion by an objective lens perpendicular to the illumination [41], [186],
[187]. As the light is focussed into a single plane, only fluorophores coinciding with
the illumination are excited leaving the rest of the specimen non-fluorescing. Whereas
light sheet microscopy typically comprises of a single light sheet which must be
scanned through the specimen, in standing wave microscopy multiple axial planes are
excited and obtained simultaneously, though it is not possible to illuminate the entire
specimen using a single excitation wavelength due to the nodal planes of the standing
wave. The resolution possible in light sheet microscopy suffers from the principles of
gaussian beams. If a thin light sheet is required, then it can only be done over a short
distance as the beam will rapidly diverge [188], [189]. Though this limitation can be
overcome through the use of specialised beams such as Bessel or Airy beams [188],
[190], by the very nature of standing wave microscopy we are able to obtain optical

planes with a thickness of A/4n over the entire field of view of the objective lens.

The high temporal resolution available with the widefield standing wave technique has
allowed the observation of rapid membrane morphological changes in real time which
in the data sets presented here appears to indicate that the entire membrane is in motion
with whole-cell vibrations being observed and small movements taking place in the
bi-concave section. The entire cell motion may be due to whole cell Brownian motion,
or weak electro-static interaction between the poly-L-lysine coating and the
membrane, though the ability to observe whole cell movements with super-resolved
axial sections demonstrates that this technique may also have applications in cell
tracking or motility studies. The motion observed in the concave surface resembles the
movements which occur at the boundary between the concave section and the outer
membrane [150], though the majority of this boundary inhabits a nodal plane. It was
not possible to detect the very small membrane dimpling observed in other studies
using quantitative phase imaging which appear to be on the order of approximately 40
nm [184], and is to be expected as the dimpling events are not large enough to cross
the boundaries between an anti-nodal or nodal plane and this technique is not able to
axially resolve small movements (~100 nm) within planes. It is also possible that the
rapid flickering motion is supressed at the surface being imaged due to the electro-
static attraction of the poly-L-lysine coating.
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From the datasets obtained using this technique it was possible to extract axial
information from the movies in order to generate 2D and 3D reconstructions of the red
blood cell membranes that clearly showed the bi-concave surface, providing the user
with easier visualisation of their specimen and can allow them the opportunity to carry
out further quantitative analysis. The 2D reconstruction process took on the order a
few minutes and the 3D on the order of 10 minutes to complete after image pre-
processing and utilised only a standard desktop computer without a graphics
processing unit (GPU) along with only inbuilt MATLAB functions allowing the

technique to be easily accessible to most general users.

There were specific circumstances that arose from the data that resulted in the code
being unable to reconstruct some frames in 3D, it is worth noting that the code was
capable of generating 2D reconstructions of the full 1000 frame standing wave movies.
The first circumstance was one where free clumps of dye where present between
antinodal places, the MATLAB script detected these as separate objects but was unable
to assign an axial height to them which caused issues. The other situation was when
there were large amounts of missing data, either due to poor thresholding or poor
interpolation of the nodal planes. The script was able to automatically detect images
that met these criteria and remove them from the reconstruction. Even with these
limitations the code was able to generate 3D reconstruction movies which comprised
of 835 and 981 frames from the 1000 frame 525 nm and the 550 nm excitation video-
rate standing wave movies, respectively and further improvements to the robustness
of the script could result in even more frames being reconstructed, though it is entirely
dependent upon the quality of the data analysed.

This work also investigated whether the standing wave technique caused any further
photo-toxicity to the specimen compared to widefield epifluorescence imaging. It was
observed that when using either imaging method, the red blood cell appeared to decay
at a similar rate and in a manner that resembled the decay observed previously over 12
minutes under periodic focused laser illumination [191]. In the study of Wong et. al,
it was found that membrane damage occurred even at low laser powers as the result of
reactive oxygen species being generated via photo-hemolysis. This process has been
hypothesised to be due to interactions between the reactive oxygen species and the

membrane proteins, band 3 and spectrin [191] which has also been reported in studies
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using widefield illumination [192], [193]. It has also been found that when using
multiphoton microscopy, red blood cell photodamage could be observed on timescales
in the region of tens of seconds [194], however, when video-rate experiments were
carried out in this study, there were no observable photo-toxicity effects over the 33

second duration.

2.5)  Conclusion

The work in this Chapter presents the first demonstration of video-rate widefield
standing wave imaging of fluorescently labelled red blood cells illuminated using a
LED source. Through the simple method of placing specimens upon a mirror it was
possible to achieve axial super-resolution imaging below 100 nm of the morphology
and deformations of the red blood cell membrane in real time with no increase in
photobleaching rates or cellular toxicity compared to video-rate widefield

epifluorescence imaging.
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Chapter Three:

TartanSW emission and excitation

Imaging of live cell specimens

he contents of this Chapter explore the application of widefield and confocal
TartanSW emission and excitation microscopy and also demonstrates the
first application of the standing wave technique to image the membrane
structure of whole adherent mammalian cells. The multi-emission and excitation
standing wave techniques have been dubbed TartanSW as both a homage to the
geographical location of our lab and due to the striking different colour antinodal

banding observed in the images.

This work demonstrates the use of widefield and confocal TartanSW emission
microscopy to image model lens specimens in order to compare the experimental
emission modulated structures to those calculated theoretically. Though it was found
that the widefield data was inconsistent with the calculated data, the technique was
also used to image red blood cells and MCF-7 breast cancer cells where the relative
locations of the different emission bandwidth antinodal planes could suggest at the

directionality of a surface.

Widefield TartanSW excitation imaging of fluorescent lens specimens has shown that
the nodal plane contribution of missing information to an image can be reduced from
44.3 % in a single colour standing wave image to 12.0 % with the two additional
wavelengths which is accurate to the theory within 1.6 %. It was also shown through
this work that by taking the difference between each of the standing wave excitation
channels that in the resulting image it was possible to increase the post-acquisition
axial resolution of the images by approximately a factor of 2 and obtain standing wave
images of MCF-7 breast cancer cells with an experimental axial resolution less than
50 nm.
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These TartanSW imaging modalities allow for a more complete topographical map of
the specimen to be obtained and the ability to simply gain an improved resolution that
surpasses what was previously possible with single colour standing wave microscopy
and also may in the future allow for the ability to generate precise maps about the

specimen structure without any prior knowledge.

3.1) Introduction

It has been demonstrated in the previous Chapter that widefield multi-planar standing
wave microscopy is an easy to implement technique that can allow axial sub-
diffraction limited topographical maps of the membrane dynamics to be acquired at
high temporal resolutions. Although the advantages of single colour standing wave
microscopy are many, it is not without some limitations which are the contribution of
the nodal planes to the image and the unknown relative axial location of the antinodal
planes. Through the course of this Chapter, it is the aim to provide an overview of
these two of the inherent drawbacks of the single colour standing wave microscopy
technique and through the application of TartanSW emission and excitation

microscopy investigate the ability of these modalities to surpass these limits.

3.1.1) Tartan SW excitation microscopy

Though the standing wave illumination pattern allows for sub-diffraction limited axial
resolution it is quite apparent that there exist periodic dark regions in the acquired
images. This is because for each antinodal plane of emitted fluorescence there is a
corresponding nodal plane of zero intensity due to destructive interference. These
nodal planes contribute unavoidable periodic planes of missing information to the
image where nothing about the specimen can be known, these regions are known as

the standing wave information gap [143]. This effect can be seen clearly in the standing
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wave images of the fluorescent lens specimens, shown in section 2.3.2, where between
each fluorescent concentric ring there is a dark band and these information gaps can

be an issue where a much more complete map of the specimen is required.

As seen by equations (2.1) to (2.5), the axial locations of the antinodal planes, and
hence the nodal planes, are directly related to the wavelength of the excitation standing
wave illumination. Even though this information gap will be present regardless of
whatever excitation wavelength is used, the axial positions of the nodal and antinodal
planes will be shifted at different excitation wavelengths meaning that different
excitation antinodes will illuminate portions of the specimen that may coincide with
the nodal plane locations at different wavelengths. This is the concept that the
TartanSW excitation experiments are based around, and if it were possible to
sequentially excite a fluorescent specimen rapidly at different wavelengths then by
creating a composite of the different excitation images a more complete topographical
map could be generated as the total nodal plane contribution would be reduced. A

cartoon representation of this process can be seen in figure 3.1.

In order to facilitate this work, a LED illuminator had to be developed that was capable
of rapidly switching between three excitation wavelengths which would allow the
TartanSW excitation technique to support high temporal resolution imaging where
each TartanSW excitation frame was a composite of the three different excitation
images. This work first used a fluorescent lens specimen to compare the experimental
and theoretical antinodal FWHM and separation as well as calculate an experimental
and theoretical value for the information gap reduction, and then applied the method

to study biological specimens with widefield and confocal microscopy.
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Figure 3.1; Cartoon representation of the excitation intensity resulting from standing
wave illumination along the optical axis of a microscope. A) A single standing wave
excitation plot (red boxes) showing the separation between the bands and the widths
of the antinodal and nodal planes. Location coinciding with the nodal planes result in
zero fluorescence emission as the intensity of the standing wave is zero. B) A
demonstration of the total reduction in the nodal plane contributions due to the
addition of two extra optical standing waves of light (shown in green and blue) which
have different wavelengths from the one in red. C) Demonstrates the colour mixing
that occurs when the different excitation wavelength images are assigned RGB lookup
tables and composited on top of each other. This diagram assumes that all standing
wave excitation channels are normalised to each other.
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3.1.2) TartanSW emission microscopy

Though standing wave microscopy allows for the simultaneous acquisition of multiple
antinodal planes within the focal volume of the specimen allowing a topographical
map of the specimen to be obtained, if the basic geometry of the specimen is unknown
then the axial location of antinodal planes relative to one another can be difficult to
determine. In order to reduce the ambiguity in the axial plane locations TartanSW
emission looks to use the modulated intensity pattern caused by the resulting

interference between the excitation standing wave and the emission standing wave.

It is a well-documented phenomenon that the resultant emission from excited
fluorophores that are placed close to a reflective surface generates wide-angle
interference patterns between the reflected and un-reflected light waves as the
fluorophore behaves like an oscillating electric dipole [195], [196]. The detected
emission intensity is then modulated due to interference effects occurring between the
excitation and emission standing waves of light in the same manner as an acoustic
beats pattern [197]-[199]. This excitation-emission standing wave interference results
in a detected structure in which not only is the intensity modulated but whilst the nodes
are at axial locations that are in agreement with theory, the antinodes are not [200].

A microscopy technique which makes use of this phenomena in order to generate
precise axial maps of specimens was touched upon in the discussion section of Chapter
2 and is known as FLIC [197], [198]. The FLIC method utilises the interference
between emission and excitation standing waves with cell specimens grown on a
specially constructed substrate [197], [198], [201]. The substrate is comprised of two
parts, the first being a reflective silicon layer, used to generate the reflection required
for standing wave formation, and the second are small raised sections of silicon oxide
which are of different height upon which the biological specimen is grown [178],
[201]-[203]. By carrying out fluorescence microscopy of the specimens and observing

the axial dependent intensity variation due to the specimen being grown on substrates,
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FLIC can then be used to obtain a highly precise axial map of the specimen [197],
[198].

Amor. et. al. observed that when the fluorescence emission was detected only over a
limited bandwidth of 5 nm the recorded standing wave images of the a fluorescently
coated lens specimens had a modulated beating intensity pattern (figure 3.2) [133].
The intensity modulation observed had an inverse spatial period that corresponded to
the subtraction of the inverse of the peak excitation wavelength and the detected peak
emission wavelength [204]. This demonstrated that it was caused by a moiré pattern
generated from the interference of the excitation standing wave and an emission
standing wave. The emission standing wave is created in the same manner as the
excitation one, by undergoing self-interference between the un-reflected emission and

a component reflected from the mirror.

Amor et al. investigated this intensity modulation further by generating standing wave
images of a fluorescent lens specimen utilising emission self-interference alone and
observed that intensity modulation was not present. When the emission only standing
wave image was subtracted from an excitation standing wave image the result was an
image that was intensity modulated in the same manner as the moiré image obtained
previously with an experimental modulation that was within 4 % of theoretical values
[133]. As with the work carried out in Chapter 2, the experiments presented in this
Chapter aim to build upon the modulated intensity standing wave patterns observed by

Amor et.al.
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Figure 3.2; Confocal standing wave image of a lens specimen coated with a
fluorescent monolayer of Atto 532, excited using a 514 nm laser line with emission
and detected with a 5 nm emission bandwidth centred around 580 nm demonstrating
the resulting moiré pattern generated by the interference of the excitation standing

wave and the emission standing wave. Reproduced from [133].

The precise manner in which the intensity modulation takes place could be used to
assist in reducing the ambiguity in axial antinodal plane ordering and unequivocally
assign axial locations to each antinodal plane. In order to do this the experimentally
recorded intensity modulation data would have to be normalised and compared to the

amplitudes of standing wave structure obtained from the theoretically simulated PSF.

As the beating pattern has an inverse spatial period which is equal to the difference
between the inverse of the peak excitation wavelength and the detected peak emission
wavelength, the detected intensity modulation would be non-repeating within the focal
volume of the experiments presented in this Chapter. For example, if an excitation
standing wave of 550 nm was used for illumination with the emission being detected

114



at 570 nm the emission modulation has a spatial period equal to approximately 16 um.
As for the imaging of mammalian cells an objective lens with an NA of 0.8 is used,
according to equation (1.6), antinodal planes will only be detected up 2.5 um above
the mirrored surface. This means that intensity modulation of any detected antinodal
plane will be unique within this axial range and as such could be assigned an axial

height value obtained from the theory.

The theoretical TartanSW emission structure can be obtained from the following
equation which describes the interference that occurs between the excitation and

emission standing wave illumination,

4Ttn

PSFSWME = [1 — COS (l

Z)] [1 — cos(Kz)][sinc (2:;; Z)]2 (3.1)

em

This equation is an extended version of equation (2.5) which includes a term at the
beginning in order to account for the standing wave of the emission which is present
and interferes with the excitation standing wave causing the observed intensity

modulation.

In the TartanSW emission experiments presented in this Chapter, multiple emission
bandwidths have been used for imaging. This has been done as the standing wave
intensity modulation is dependent upon the wavelength of the detected emission
standing wave meaning that for each imaging bandwidth a structure with a different
intensity modulation pattern will be obtained. By observing the ordering of the
separate emission bandwidth standing wave planes relative to each other could give a
qualitative indication of whether a surface is ascending or descending meaning that
prior knowledge of the specimen structure may no longer be necessary. Though in
combination with the theoretical values from equation (3.1) this could also be done

quantitatively.

It was the aim of this work to utilise widefield video-rate and confocal single colour
excitation standing wave technique along with the detection of multiple discrete
emission bandwidths to investigate whether a more accurate topographical map of
biological specimens could be obtained and if the directionality of the surface could
be determined by observing the plane ordering.
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3.2) Materials and methods

3.2.1)  Specimen preparation and LED characterisation

Fluorescently coated lens specimens and red blood cells were prepared and stained
using the same procedure described in Chapter 2. Widefield imaging of the red blood
cell specimens utilised a 100x/1.4 oil immersion objective lens (UPlanSApo,
Olympus) and the fluorescent lens specimen was under taken with a 10x/0.4 dry

objective lens (UPlanSApo, Olympus).

For the TartanSW excitation lens imaging experiments, instead of mirrors microscope
slides with 300 nm thickness of aluminium evaporated on were used instead (deposited
on the slide using an Edwards coating system, E306A). For the TartanSW emission
lens imaging experiments bare aluminium microscope slides (bare aluminium test
slides, Dynasil) were used instead of mirrors. The reason for this was to ensure that
the lenses were directly in contact with the reflective surface and not offset by the
magnesium fluoride protective coating that was applied to the commercial mirrors
used in the live cell imaging experiments. For all live cell experiments commercial

aluminium mirrors were used as the imaging substrate.

MCEF-7 cells, an immortalised endothelial breast cancer cell line, were cultured at 37
°C in a 5% CO; humidified incubator. MCF-7 cells have become one of the most
widely used cell types for breast cancer research since their isolation almost 50 years
ago [205]. They have led to the furthering of the fundamental understanding of how
breast cancer develops leading to important discoveries in cancer migration, invasion
and platelet aggregation [206]-[208]. Researchers, with whom we routinely
collaborate, were exploring the effect that JINK knockdown has upon MCF-7 cell
proliferation, cell cycle and death [209]. Due to the morphological changes that can
occur during these processes we looked to use these cells for our experiments to

investigate whether the TartanSW technique could be used in order to gain additional
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morphological information about the specimens so that it may be applied in future

studies investigating these processes.

The MCF-7 cells were grown in 75 cm? tissue culture flasks containing 10 mL of
Dulbecco’s Modified Eagle’s Medium (DMEM) low glucose, pyruvate medium
(Gibco, Paisley, UK) including 10% foetal calf serum (Biosera, Sussex, UK), and 1%
penicillin-streptomycin (Sigma, Dorset, UK). Once cells were sufficiently confluent
they were dissociated from the flask using 2 mL of TrypLE (Gibco, Paisley, UK) and
incubated at 37 °C until all cells were detached. Cells were then resuspended in 8 mL
of the modified DMEM media. 0.5 mL of the cell suspension was then seeded into
wells of a 6 well plate that contained 20 mm diameter, 3 mm thick aluminium mirrors
(laser2000) and 4 mL of DMEM per well. Cells were then left to adhere and grow for

one day prior to imaging.

Prior to imaging the MCF-7 cells grown upon mirrors were washed three times in 4%
BSA and PBS. After washing, a solution containing 4 mL of 4% BSA and PBS and 20
pL of a 1 mg/mL stock solution of Dil was added to a petri dish containing the
specimens. These petri dishes were then incubated at 37 °C for 60 minutes whilst being
protected from light. The specimens were washed a further three times before imaging.
Imaging the MCF-7 cells was done in a custom 3D printed perfusion chamber with the
specimens submerged in 4% BSA and PBS. The objective lens used for the widefield
imaging experiments was a 40x/0.8 water dipping objective lens (LUMPLFLN,
Olympus).

To carry out the widefield TartanSW excitation experiments but also retain the ability
to achieve high temporal widefield imaging, an illuminator was required that was
capable of rapidly switching between three wavelengths that were able to provide the
optimum excitation of Dil. This work looked to follow on from that done in Chapter 2
by utilising LEDs for illumination, this would allow for the temporal resolution of the
technique to be limited not by the electronic microsecond switching between different
LEDs but the frame rates of the camera. The CMOS camera (ORCA-Flash 4.0LT,
Hamamatsu) used in these experiments can support full frame imaging speeds of
approximately 50 frames per second with a camera binning n = 2 (which can be
increased further by taking sub-regions on the camera chip) where as if an arc lamp
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with monochromator/moving filter wheel were used for illumination the temporal
resolution would be limited by the mechanical shifting between excitation wavelength.
The LEDs chosen for these experiments were a 550 nm, 525nm and 490 nm.

The LED system that was used for the experiments in Chapter 2 (pE-4000, CoolLED
Ltd) is made up of 16 LEDs laid out onto four different channels and can achieve
switching speeds between LEDs on the order of 20 us, but only between LEDs on
different channels. LED switching that occurs between LEDs on the same single
channel is limited by a mechanical shift and can be on the order of seconds which
could result in the specimen changing morphology whilst switching excitation

wavelengths.

Two of the three LEDs that were required for the TartanSW excitation experiments
were laid out onto the same channel and as such, in order to maintain a high temporal
resolution, a custom pE-4000 system had to be developed. At the same time as this
development began CoolLED had recently started implementing new brighter LED
chips into their pE-300 systems which were made available to us and as such the
custom standing wave pE-4000 was the first unit to be developed using these new high
brightness LEDs. As this was a new custom system, output spectra and power
characterisation had to be carried out for the 525 nm and 490 nm LEDs (the new

550 nm LED had been previously characterised in Chapter 2).

Wavelength measurements were recorded using a spectrometer (USB2000
spectrometer, OceanOptics) and the peak wavelength and FWHM were determined
using the same methods as in section 2.2.3. Average power readings were recorded by
taking three readings at each of the different LED drive currents at the specimen plane
of the microscope (BX50, Olympus) under each objective lens used for the different

specimen using the same equipment and settings as described in section 2.2.3.

As the LEDs were required to be spectrally separate from each other and prevent any
excitation bleed through to the detector, the 550 nm LED and 525 nm LEDs were used
in conjunction with clean up filters (535/30 nm bandpass filter, Olympus and a
531/40 nm bandpass filter, Semrock for the 550 nm and 525 nm LEDs, respectively).
The 490 nm LED had an output spectrum which was short enough to be used

unfiltered.
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It was found that the 525 nm LED a peak wavelength of 524 + 1.50 nm (FWHM - 26.8
+ 1.50 nm) and the 490 nm LED had a peak wavelength of 490 + 1.50 nm (FWHM -
12.3 £ 1.50 nm). The spectra measured at the specimen plane under the 100x/1.4 oil

immersion objective lens for the LEDs can be seen in figure 3.3 and below.
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Figure 3.3; Measured output spectra, taken at the specimen plane of a BX50 widefield
microscope, of the A) 490 nm LED, and the B) filtered 525 nm LED.

The final characterisation that was carried out on the LEDs was to determine the
experimental lateral resolutions in order to make a comparison to the theoretical
values. To do this, 200 nm fluorescent beads mounted in gelvatol were imaged using

the 100x/1.4 oil immersion objective lens and a SCMOS camera using no camera
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binning. Using equation (1.5) it was found that theoretical lateral resolution using the
525 nm and 490 nm LEDs with an emission wavelength of 570 nm was 248 nm. As in
the work carried out in Chapter 2, the peak emission wavelength is the one used for
the calculations as the experiments are making use of widefield collimated excitation

illumination.

After analysing the FWHM of the intensity profile taken through one of the fluorescent
beads it was found that both of the LEDs used for illumination resulted in obtaining a
lateral resolution that was 290 + 22.0 nm. The differences observed between the
theoretical and experimental results could again be attributed to slight aberrations
present in the microscope system or the slight refractive index mismatch between the
immersion oil used for the objective lens and the gelvatol the beads were mounted in.
It is also worth to note that the measured lateral resolutions are consistent with those
obtained in Chapter 2 section 2.2.3.

3.2.2) TartanSW emission imaging setup

In order to carry out widefield TartanSW emission imaging the microscope setup
described in Chapter 2 was used with some modification. As the experiments looked
to make use of multiple emission bandwidths, an emission image splitter (W-VIEW
GEMINI, Hamamatsu) was added between the additional camera magnification and
the camera which then allowed two bandwidths of the Dil emission spectrum to be

imaged onto separate sides of the SCMOS camera chip.

Inside the image splitter the following optics were installed to facilitate the imaging.
The fluorescence emission was first split using a dichroic mirror (594 nm longpass
dichroic beamsplitter, Semrock) and the resulting two emission bands had their
bandwidths reduced by propagating through bandpass filters (576/10 nm and a
620/14 nm bandpass filters, Semrock) before being imaged on to different halves of

the imaging chip.
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Excitation was provided by the 550 nm LED from the custom LED system which was
coupled to the microscope through a liquid light guide and a collimator (Universal
collimator, CoolLED). The sCMOS camera and LED were TTL controlled using the

WinFluor software [165] which also recorded the images.
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Figure 3.4; Schematic diagram of experimental setup for widefield TartanSW emission
imaging of both lens and biological specimens. Specimen illumination was provided
by a filtered 550 nm LED from the TartanSW-LED system that was coupled to the
microscope using a universal collimator. The resulting fluorescence emission
propagates upwards through the 561 nm dichroic mirror and longpass filter through
the extra camera magnification to the emission camera chip splitter. The emission is

split using a >594 nm dichroic mirror and is filtered through two bandpass filters
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before being detected by the SCMOS camera.
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The TartanSW emission experiments on model and live specimens were also carried
out using laser scanning confocal microscopy. For these experiments a Leica SP5
DM®600 confocal microscope was used. For the model specimen imaging a 10x/0.4 dry
objective lens was used (HC PL APO, Leica), for the MCF-7 imaging a 40x/0.8 water
dipping objective (HCX APO, Leica) was used and a 100x/1.3 oil immersion lens (PL
FLUOTAR, Leica) was used for the red blood cell imaging experiments. Using the
Leica SP spectral detector three separate 5 nm emission bandwidths were able to be
imaged onto separate photo multiplier tubes simultaneously which were then recorded

using the Leica application suite software.

3.2.3)  TartanSW excitation imaging setup

To enable carrying out of widefield TartanSW excitation imaging, the same
microscope and optics setup described in Chapter 2 was used with the exception that
illumination was provided by the custom TartanSW-LED system which was TTL
controlled to provide sequential excitation using the three different wavelengths and
synchronised to the CMOS camera using WinFluor which also recorded the emission

signal.

For the confocal TartanSW excitation experiments the same experimental set up
described in section 3.3.3 was used but with the exception that single broadband

detection channel was used rather than multiple narrow one.
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3.3) Results

3.3.1)

to experimental lens standing wave data

Theoretical TartanSW PSF simulation and comparison

In order to quantify the information gap reduction using TartanSW excitation imaging,
first the experimental and theoretical antinode FWHM and spacings had to be
compared. This was done by imaging a fluorescently coated lens specimen in air using
each LED and the same methodology described in section 2.2.3 but with the mirror
replaced with the aluminium coated microscope slides and using no camera binning.
The average experimental standing wave antinodal spacings and FWHM for each
excitation LED were compared to the theoretical values (calculated using equation
(2.5)) by using a single sample t test where P < 0.05 was considered significant and
expressed uncertainties in the results are the standard error in the mean. The results

from this are shown in table 3.1.

Table 3.1; Comparison of experimentally determined anti-nodal spacings and FWHM
obtained from 30 mm focal length lens specimen imaging in air and the theoretically
determined values obtained using equation (2.5) where the peak excitation

wavelengths were 490 nm, 524 nm and 549 nm, the peak emission wavelength was 570

nm.

LED | Experimental Theoretical | Statistical Experimental | Theoretical | Statistical
antinodal antinodal significance | antinodal antinodal significance
spacing (nm) spacing FWHM (nm) | FWHM

(nm) (nm)
490 245.3 £ 8.6 244 P >0.05 123.3+3.2 122 P>0.05
525 267.4 +£10.7 262 P >0.05 1269+1.8 131 P>0.05
550 275.0+ 3.8 274 P >0.05 1340+ 4.4 137 P>0.05
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After comparing the theoretical and experimental antinodal spacings and FWHM it
was then possible to characterise the theoretical and experimental information gap
reduction using all three excitation LEDs compared to a single 550 nm LED excitation.
To do this, the lens analysis MATLAB script described in Chapter 2 was utilised in
order to obtain the experimental radially averaged intensity profiles of the lens images.
Using this it was then possible to determine how much of the total image was
comprised of the information gap and determine how much of a reduction was
observed when using three excitation wavelengths and compare these to the theoretical
information gap reduction modelled using equation (2.5). The lens images were
cropped to include 6 nodal and antinodal planes for the 550 nm excitation and the
theoretical and experimental multi-excitation standing wave images and line intensity

plots of a lens specimen can be seen in figure 3.5.

Through these experiments it was found that according to equation (2.5) a standing
wave structure containing 6 nodes and antinodes when excited using the 550 nm LED
has an information gap of 48.0 %. When the two additional excitation sources are
included, this information gap is reduced to 17.3 % of the image. The experimental
information gap observed for the 550 nm excitation was 44.3 % and when using all
three wavelengths was found to be reduced to 12.0 %. This reduction can be seen in
the line intensity plots in figure 3.5. The antinodal planes from the different excitation
wavelengths occur at locations that coincide with the nodal planes of the other

excitation wavelengths resulting in a more complete image of the lens specimen.
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Figure 3.5; A) Theoretical standing wave structure simulated for 550 nm LED
excitation. B) Theoretical standing wave structure simulated for 550, 525 and 490 nm
LED excitation. C) Standing wave image of lens specimen using 550 nm LED
excitation. D) Radially averaged intensity of the 550 nm LED excitation standing wave
image. E) Standing wave image of lens specimen excited using 550, 525 and 490 nm
LEDs showing a reduction in the information gap in the image. F) Radially averaged
intensity of the 550, 525 and 490 nm LED excitation standing wave image showing the
antinodal planes of the different excitation wavelengths coinciding with the nodal

planes of the other standing wave structures.

Using the TartanSW excitation data it was also investigated if it were possible to
reduce the antinodal plane FWHMSs and hence increase the axial resolution in the

images by taking the difference between two excitation channels. It was first
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hypothesised that this would be possible due to the overlapping antinodal planes that
were observed in the lens images obtained using the TartanSW excitation technique.
As there exist locations of these overlaps, by taking the difference between the separate
excitation images means that the antinodal planes of the longer excitation wavelength
images would be reduced in width and hence provide a greater axial resolution in the

images.

To do this, the different excitation images were differenced using the image calculator
in ImageJ so as to obtain two images which were the result of |550 nm — 525 nm| and
|525 nm — 490 nm|. The resulting structure obtained from the difference between the
two excitation standing waves, TartanSW dif ference, can be described by the

following equation,
TartanSW dif ference = |SWPSFyyng — SWPSFgpor| (3.2)

In the above equation SWPSF,,, is the standing wave structure calculated using
equation (2.5) for the longer excitation wavelength and SWPSF;,,,. is the one
calculated for the shorter wavelength. The theoretical TartanSW difference structure
was obtained using equation (3.2) in order to compare the theoretical and experimental
reduced antinodal FWHM and spacings. The theoretical data and experimentally

obtained lens data are shown in figure 3.6.
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Figure 3.6;A) Theoretical plot of the |550-525| difference standing wave structure
(red) and the 525 — 490| difference standing wave structure (green) both obtained
using equation (3.2). B) TartanSW difference image acquired from the difference of
the 525 nm standing wave image of the lens specimen in figure 3.5 from the 550 nm
standing wave image in air. C) TartanSW difference image acquired from the
difference of the 490 nm standing wave image of the lens specimen in figure 3.5 from
the 525 nm standing wave image in air. D) Composite of the two TartanSW difference
images with B) in red and C) in green. E) Radially averaged line intensity plot taken

of the composite image.
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Table 3.2; A comparison of the experimentally and theoretically determined average
FWHM and separation of the antinodal planes observed in the TartanSW difference
images obtained in air.

Average Theoretical | Statistical Average Theoretical | Statistical
experimental | antinodal significance | experimental | antinodal significance
antinodal FWHM antinodal spacing
FWHM (nm) spacing (nm) | (nm)
(nm)
550 — 525 | 71.6+3.2 75.6 P>0.05 136.7+11.2 131.7 P>0.05
difference
images
525 — 490 | 64.9+57 71.8 P>0.05 129.0+£9.8 123.2 P>0.05
difference
images

It was determined by taking the TartanSW difference images in air that the antinodal

plane widths were reduced due to the difference of the overlapping antinodal planes at

each excitation wavelength, offering a way to increase the axial resolution of the

images. It was also found that the experimental values obtained were not significantly

different from those obtained theoretically according to equation (3.2). This data is

shown in table 3.2.

These imaging and modelling experiments were also repeated for a layer of 4 % BSA

and PBS between the lens and mirror in order to determine the resolution increases

observed for the live cell imaging experiments shown in table 3.3.
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Table 3.3; A comparison of the experimentally and theoretically determined average
FWHM and separation of the antinodal planes observed in the TartanSW difference
images obtained in 4 % BSA and PBS.

Average Theoretical | Statistical Average Theoretical | Statistical
experimental | antinodal significance | experimental | antinodal significance
antinodal FWHM antinodal spacing
FWHM (nm) spacing (nm) | (nm)
(nm)
550 — 525 | 49.1+27 57.6 P <0.05 102.4+4.9 98.0 P>0.05
difference
images
525 — 490 | 46.1+£58 54.1 P>0.05 97.50+4.3 92.8 P>0.05
difference
images

It was also found that the experimental values obtained with a layer of 4 % BSA and
PBS, aside from the |550 nm — 525 nm| FWHM, were not significantly different from
the theoretical values. This shows that the TartanSW difference method consistently
reduced the antinodal plane FWHM in media with different refractive index and could
be applied to images of live cell specimens which could allow for axial resolutions on

the order of 50 nm to be obtained.

The next experiments that were carried out were the modelling of the theoretical
standing wave PSF obtained using the widefield TartanSW emission technique
calculated using equation (3.1). The model standing wave structure obtained from this
equation allowed the structure obtained experimentally through TartanSW emission
imaging of lens to be compared. Specimens excited with the 550 nm LED and imaged
using a 10x/0.4 dry objective lens with no camera binning and 100 ms exposure. The
results of this can be seen in figure 3.7 where the standing wave intensity modulation

can be observed though the plot is different from that obtained theoretically.
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Figure 3.7; A) Widefield TartanSW emission PSF simulated for an 0.4 NA objective
lens in air using an excitation wavelength of 549 nm and emission wavelengths of 570
nm (blue line) and 620 nm (red line) using equation (3.1). B) TartanSW emission image
of a lens specimen excited using the 550 nm LED with the detection bandwidths
centred around 576 nm and 620 nm. C) Line intensity plot for the 570 nm detection
channel (blue line) and the 620 nm emission channel (red line) taken through the

TartanSW emission image of the lens in B).
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It can be seen from figure 3.7B and 3.7C that the widefield setup described in section
3.2.2 supports TartanSW emission imaging of fluorescent lens specimens. The
standing wave intensity modulation for each detection channel can be seen clearly in
the image and the line intensity plot taken from the centre of the lens specimen.
However, when these are compared to the theoretical structure obtained using equation
3.1 it is apparent that the line intensity plots do not agree with each other. This
disagreement is only in the intensity modulation observed but the number of antinodal

planes that are present in the image is consistent.

This experiment was also repeated using the Leica SP5 confocal microscope where the
fluorescently coated lens was excited using the 514 nm laser line with a 10x/0.4 dry
objective lens using a scan speed of 100 Hz and an image size of 2048 pixels. The
emission bandwidths used for detection were 567 — 572 nm, 592 — 597 nm, and 617 —
622 nm (figure 3.8).
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Figure 3.8; Theoretical standing wave structure calculated using equation (3.1) for an

excitation wavelength of 514 nm excitation and emission bandwidths A) 617 — 622 nm

C) 592 — 597 nm and E) 567 — 572 nm. Experimental line intensity plot through a

confocal TartanSW emission image of a lens specimen excited at 514 nm and emission

detected at bandwidths B) 617 — 622 nm D) 592 — 597 nm and F) 567 — 572 nm.

It was found when taking a line intensity plot through the lens image obtained using

the confocal TartanSW emission setup and comparing them to the theoretical structure

that there appears to be good agreement between the two.
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3.3.2) TartanSW emission imaging of live cell specimens

After using the TartanSW emission technique for the imaging of the lens specimens
the next experiments looked to apply this technique to live biological specimens. The
first way this was carried out was to repeat the red blood imaging experiments
described in Chapter 2 but using the TartanSW emission apparatus shown in figure
3.4. The red blood cells were excited using the 550 nm LED with a specimen plane
power of 5.27 £ 0.02 mW. This increase of specimen plane power compared to the
experiments carried out in Chapter 2 was required as the use of limited detection
emission bandwidths resulted in the reduced detection of fluorescence signal and
meant that images obtained when using the previous specimen plane power had a

signal to noise ratio that was too poor for observation of the planes from the

background.
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Figure 3.9; A) Frame one from a widefield TartanSW movie of a red blood cell imaged
acquired at a rate of 30.30 Hz and excited using the 550 nm LED. B) Line intensity
plot taken through the red blood cell (Gaussian blur = 2 applied) where the green line
is the 570/10 nm emission band and the red line is the 620/14 nm emission band.

It can be seen that in figure 3.9A that it is indeed possible to carry out widefield
TartanSW emission imaging of red blood cells as is apparent in figure 3.9B. It can also
be observed that the plane ordering appears to agree with what one would expect from
the bi-concave shape of a red blood cell. The shorter emission detection appears

slightly below the longer in the middle three sections which is to be expected as it is a
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dome rising upwards away from the mirror and the shorter emission wavelength bands

would be in locations closer to the mirror than the longer detection bands.

The TartanSW emission effect is not as apparent in the red blood cells compared to
the lens imaging due to the steep gradient of the red blood cell membrane compared
to the lens. The other factor which reduces the effect is due to only four antinodal
planes being detected as a result of the rapid intensity drop off that occurs with high
NA lenses. Due to these factors the ability to visualise the spectral separation between
emission bands is more limited than what would be the case with a higher number of
antinodes (figure 3.7A).

It was found through these experiments that the widefield experimental apparatus does
not allow for the acquisition of TartanSW emission imaging of red blood cell images
with high enough signal-to-noise to allow for the computational extraction and
generation of 3D reconstructions of these data. As such, the decision was made to
repeat this experiment using the Leica SP5 confocal microscope in order to make use
of its ability to select and image up to three discrete emission bandwidths
simultaneously on different photomultiplier tubes with individual gain control on each
to balance the channels. The microscope also allowed for the use of frame averaging
to be carried out in aid of reducing image noise, though the use of this microscope

comes at the sacrifice of temporal resolution.

The cells were prepared using the same method as for widefield imaging described in
section 2.2.2, and were excited using the 543 nm laser line and imaged using a 100x/1.3
oil immersion objective lens with the emission detection bandwidths set at 550 — 555
nm, 565 — 570 nm and 580 — 585 nm. Images were set to be 1024 pixels in size with a
scan speed of 100 Hz and a frame average of 3. An example of the data obtained from

these experiments can be seen in figure 3.10.

135



Distance (pm)

Figure 3.10; A) Confocal TartanSW emission image of a red blood cell excited at 543
nm and using emission detection bands of 550 - 555 nm (blue), 565 - 570 nm (green)
and 580 - 585 nm (red) B) Line intensity profile taken through the red blood cell
(Gaussian blur =5 applied).

It can be seen from figure 3.10 that the ability to obtain an extra emission detection
band further demonstrates slight plane ordering and frame averaging has reduced the
noise present in the planes, though still not enough to allow for computational
extraction of the planes. The widefield TartanSW emission setup was limited to only
two different detection channels as the addition of extra channels imaged onto the same
camera would limit the number of pixels available for each emission channel which
would be further compounded when camera binning is used. The intensity plot in
figure 3.10B also appears to show the plane ordering that was observed in the widefield
images though the effect is still slight and limited by steep membrane gradient and the
number of antinodal planes detected with the high NA objective lens.

It was also investigated whether this technique could be applied to other biological
specimens. This would not only demonstrate a wider application for the standing wave
technique than just red blood cells but also the use of a larger specimen with a more
gradual gradient allowed for the use of lower NA objective lenses for imaging means
that there is a larger depth of focus allowing for a greater number of antinodal planes

to be collected and thus making the TartanSW emission effect more apparent.
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Widefield TartanSW emission imaging was carried out on Dil stained MCF-7 breast
cancer cells plated out onto mirrors that were submerged in 4% BSA and PBS and
excited using the 550 nm LED with a specimen plane power of 5.51 + 0.02 m\W under
a 40x/0.8 water dipping objective lens. As the MCF-7 cells adhered to the mirror
substrate and did not move as rapidly as the red blood cells, a 100 ms camera exposure
time with no binning was used in order to increase the signal collected and reduce the

size of the camera pixels.
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Figure 3.11; A) Widefield TartanSW emission image of MCF-7 breast cancer cells
excited using a 550 nm LED with emission detected at bandwidths of 570/10 nm (blue)
and 620/14 nm (red). B) Line intensity plot taken through the periphery of the multi-
emission image (with a Gaussian blur = 2 applied) with the shorter emission band

being plotted in blue and the longer band plotted in red.

It can be seen from figure 3.11 that the combination of using a lower NA objective
lens and a larger specimen with a gentler gradient allows for more standing wave
planes to be observed increasing the ease of visualisation of the TartanSW emission
effect. From the line intensity plot there is a clear difference between the standing wave
structures obtained from the two emission bandwidths and the plane ordering is also
in agreement with what has been shown previously with the theoretical lens specimen

plots.
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The TartanSW emission imaging of MCF-7 cells was then repeated using the confocal
microscope exciting at either 514 nm or 543 nm. Emission bandwidths were selected
at 567 — 572 nm, 592 — 597 nm, and 617 — 622 nm. A 40x/0.8 water dipping objective
lens was used with an image size set to be 4096 pixels, a scan speed of 100 Hz and
frame averaging of 3. As stated above, the MCF-7 cells were less dynamic than the
red blood cells and as such the lack of temporal resolution available to confocal

microscopes is less of a concern in this case.

It can be seen from the confocal data that by using different excitation wavelengths,
the multi-emission standing wave pattern is shifted. The line intensity plots observed
in figure 3.12 resemble those seen in figure 3.11B but the addition of an extra detection
bandwidth allows for the multi-emission banding to be more apparent and easier to

observe.
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Figure 3.12; Confocal TartanSW emission imaging of MCF-7 cells using emission
detection bands 567 — 572 nm (blue), 592 — 597 nm (green) and 617 — 622 nm (red)
and excited at A) 514 nm or B) 543 nm. Yellow arrow on A) demonstrates the direction
and location that the line intensity plots were taken. C) Line intensity plot through the
514 nm excitation image (Gaussian blur = 5 applied) D) Line intensity plot through
the 543 nm excitation image (Gaussian blur = 5 applied).It can be seen from a
comparison of A) and B) as well as C) and D) that the TartanSW emission structures
obtained using different excitation wavelengths are different from each other. This is
to be expected as the TartanSW emission phenomena occurs due to the self-

interference of the emission standing wave and the excitation standing wave.

139



3.3.3) TartanSW excitation imaging of live cell specimens

After the initial experiments confirming that using widefield TartanSW excitation
imaging of lens specimens the information gap in the images could be reduced by 32.2

%, the technique was applied to biological specimens, firstly with red blood cells.

The first experiments on the red blood cells were carried out at a video-rate using a
camera exposure of 13.33 ms for each excitation wavelength. It was found though that
even when using the maximum camera binning of n = 4 the signal to noise of the

images was too poor to obtain useful data due to the short exposure times.

The next experiments made use of an exposure time of 40 ms and a camera binning of
n = 2, though when the three excitation images were merged it was found that no
spatial separation of the planes could be observed due to the reduced camera resolution

caused by the binning.

The final experiments using a widefield microscope to image the red blood cells made
use of no camera binning and an exposure time of 100 ms for each excitation
wavelength. The 550 nm LED used a specimen plane power of 5.27 + 0.02 mW, the
525 nm LED 4.00 + 0.02 mW and the 490 nm LED 4.90 £ 0.02 mW.
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Figure 3.13; Widefield standing wave images of a red blood cell excited using A) the
490 nm LED B) the 525 nm LED and C) the 550 nm. D) A TartanSW excitation image
made up of the images shown in A) through C). E) A line intensity profile taken through
the composite TartanSW excitation image showing slight spectral separation between
the excitation channels D) where fluorescence emission obtained from the 490 nm LED
excitation is plotted in blue, the 525 nm LED is plotted in green and the 550 nm LED

is plotted in red.

It can be seen from figure 3.13 that there is only slight separation between the different
excitation channels (though it is still observable) even though that the antinodal planes

are being generated at spatially separate points above the mirror.

The TartanSW excitation imaging of the red blood cells was then repeated but this
time using confocal microscopy. The cells were imaged under a 100x/1.3 oil
immersion objective lens and excited using 488 nm, 514 nm and 543 nm laser lines.

The images were set to be 512 pixels in size and were acquired at a rate of 200 Hz.

It is clear to see in figure 3.14 that there is spectral separation between the different
excitation wavelengths and due to this a slight information gap reduction in the images.
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Figure 3.14; A) Confocal TartanSW excitation imaging of red blood cells excited at
489 nm (blue), 513 nm (green) and 543 nm (red) with Gaussian blur = 2 applied. B)
Line intensity profile taken through the right red blood cell in A).

The next specimens that the widefield TartanSW excitation technique was applied to
were MCF-7 breast cancer cells. These specimens were imaged using the same
experimental apparatus as in the multi-emission experiments but utilised the two
additional excitation wavelengths and without the emission splitter. The specimen
plane powers used for these experiments for the 550 nm, 525 nm and 490 nm LEDs
were 3.04 £ 0.01 mW, 4.92 + 0.02 mW and 10.1 £ 0.01 mW, respectively.
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Figure 3.15; A) Widefield TartanSW excitation image of a Dil stained MCF-7 breast
cancer cells excited using the 490 nm LED (blue), the 525 nm LED (green) and the
550 nm LED (red). B) Line intensity plot taken through the periphery of one of the
MCF-7 cells in the TartanSW excitation image (with a Gaussian blur = 2 applied).
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In figure 3.15 the contributions of the different excitation wavelength antinodal planes
can be observed much more clearly to run along the periphery of the cell with a large
amount of intensity saturation occurring in the centre of the cell. Through the
application of the TartanSW excitation technique a more complete image of the
membrane structure is obtained than if a single excitation wavelength were used
(observable through the line intensity plot in figure 3.15B). The ordering of the
different excitation bands also offers the ability to suggest the axial direction of the
membrane structure (blue being the shortest excitation wavelength appearing typically
before the green and red channels when following along from the leading edge of the
cell). The contour map obtained of the MCF-7 specimens do not originate from the
basal membrane as in the red blood cell experiments but rather the apical side of the
cell. This is due to the basal membrane in contact with the mirror inhabits the initial

nodal plane and as such does not contribute fluorescence to the image.

TartanSW difference images were obtained from the different single excitation MCF-
7 images to obtain an increased axial resolution in the same way as described in section
3.3.1. The result of the TartanSW difference images and a line intensity plot taken
through the periphery of the cell can be seen in figure 3.16. According to the
experimental difference standing wave data of the lens images in 4% BSA and PBS,
the difference MCF-7 images have a resolution of 49.1 + 2.7 nm for the |550 nm — 525

nm| channel and the |525 nm — 490 nm| a resolution of 46.1 + 5.8 nm.

By taking the TartanSW difference images between the excitation standing wave
images not only were the axial resolution of the images enhanced but the contrast of
the images was improved as well. This increase in contrast makes the observation of
the difference antinodal plane locations to be much clearer than in the raw merged
images and also reduces the saturated locations in the centre of the cell. This contrast
improvement may also aid in the ability of image segmentation and generating 3D

reconstructions of the MCF-7 data.

It was also observed in both the widefield and confocal TartanSW excitation images
and the TartanSW difference images of the MCF-7 cells that there existed within the
cell, round membrane structures that could be observed even when imaging through

the cell nucleus (see figure 3.17).
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Time-lapse widefield TartanSW excitation and difference imaging was also carried
out on the MCF-7 cells with a 100 ms exposure for each LED, taken every 20.1
seconds for a total duration of 16.3 minutes with no camera binning. In the TartanSW
difference standing wave images clear membrane structures were observable which
appear to burst near the end of the imaging duration whilst the entire cell appears to

flatten which can be inferred from the reduction in the number of anti-nodal planes.
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Figure 3.16; A) TartanSW difference image of the MCF-7 cells shown in figure 3.15A
where the difference of the 550 nm from the 525 nm is shown in red and the difference
of the 525 nm from the 490 nm shown in green. B) Line intensity plot taken through
the periphery of A) (with a Gaussian blur = 2 applied) demonstrating a reduction in

the antinodal FWHMSs compared to figure 3.15B and an increased image contrast.
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Figure 3.17; A) Widefield TartanSW excitation image of a MCF-7 breast cancer cell
and B) TartanSW difference image between the excitation wavelengths showing the

presence of structures within the cell that can be observed even through the nucleus.
C) Confocal TartanSW excitation image of a MCF-7 breast cancer cell and D)
TartanSW difference image between the excitation wavelengths also demonstrating an

internal structure that can be seen in the bottom most cell.
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Figure 3.18; Time lapse TartanSW difference multi-excitation images of MCF-7 cells
with the |550 nm — 525 nm| channel in red and the |525 nm — 490 nm| in green showing
an internal membrane structure that appears to swell and burst throughout the

imaging duration. The frames presented as A-F are frames 9, 17, 25, 33, 41 and 48.

3.4) Discussion

Through the previous work on the single colour standing wave imaging several
limitations of standing wave microscopy were identified. These were primarily the
information gap contribution in the images which reduced the amount of useful
information that could be obtained about the specimen and that assumptions had to be
made about the specimen shape. In order to investigate ways to overcome these
limitations work has been carried out to implement TartanSW excitation and emission
imaging in both widefield and confocal microscopy on fluorescent lenses and live

biological specimens.
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The first experiments made use of fluorescently coated lens specimens to test the
experimental setups and compare the experimentally observed results with those
calculated theoretically. The LED characterisation was first carried out to ensure that
the standing wave antinodal planes obtained using the LEDs that were not
characterised in Chapter 2 were not significantly different from the theoretical values

which was confirmed.

Widefield TartanSW excitation microscopy was found to theoretically reduce the
information gap in lens images from 48.0 % to 17.3 % allowing for an additional
30.7% more topographical information about the specimen to be acquired. From the
imaging of the lens specimen it was found that the experimental information gap was
reduced from 44.3 % to 12.0 % of the total image which was an 32.3 % information
increase and was accurate to within 1.6 % of that found theoretically. This difference
between the experimental and theoretical information gap reduction could be
attributed to slight errors in the MATLAB script for detecting the FWHM of each
plane due to the centre of the image not being detected precisely for the radial average

or dye spots in the image shifting the radial average.

As the TartanSW excitation images were comprised of three separate excitation
channels it was investigated to what effect taking difference images between them
would have upon the resulting standing wave structure. By simulating the TartanSW
difference structure in air using equation (3.2) it was found that the |550 nm — 525 nm)|
excitation channel had a reduced antinodal theoretical FWHM and spacings of
75.6 nm and 131.7 nm. The [525 nm — 490 nm| excitation channel had an antinodal
FWHM of 71.8 nm and separation of 123.2 nm. When these were compared to the
experimental TartanSW difference images of the lens specimen in air it was found that
the experimental structures were not significantly different from the theoretical ones.
This means that by simply taking a TartanSW difference image of multiple excitation
channels, a post image acquisition axial resolution can be enhanced by approximately

a factor of 1.8.

This comparison was repeated but with the lens having a buffer layer of 4 % BSA +
PBS between it and the top of the mirror in order to mimic the conditions present
during the live cell experiments. Through this it was again found that the TartanSW
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difference images resulted in an axial resolution improvement through the reduction
in the width of the antinodal planes. The analysis demonstrated that there was an
average experimental resolution with the [550 nm — 525 nm| channel of 49.1 £ 2.7 nm
and 46.1 = 5.8 nm for the |525 nm — 490 nm| channel which is an improvement over
the single colour standing wave resolution by approximately a factor of 2.1. The
TartanSW difference antinodal FWHM for the |550 nm — 525 nm| channel in 4% BSA
and PBS was found to be significantly different from the theoretical value, however,
this is only different by 8.5 nm and again could be due to slight systematic errors in
the radial average MATLAB script.

It was also found that the experimental values obtained in this buffer solution were all
within 10 nm of the TartanSW difference FWHMSs obtained in air divided by the
refractive index of the buffer layer. This was to be expected as by the standing wave
equation the structure is modulated by the inverse of the refractive index of the media
the light is propagating through.

The next set of experiments looked into the application of the TartanSW excitation
method on live cell specimens. This was also the first application of the standing wave
technique on whole adherent mammalian cells. The demonstrated ability to use
TartanSW microscopy to image other biological specimens than just red blood cells
meaning that TartanSW or single colour standing wave microscopy could be used to
obtain axial super-resolution information about dynamic morphological cellular

processes in mammalian cells.

It was found through the widefield TartanSW excitation imaging of the red blood cell
specimens that only slight spectral separation was observable between the different
excitation images. The reason for the reduced spectral separation could be due to the
steep gradient of the red blood cell membrane surface causing a large amount of
overlap between the separate excitation antinodal planes. This overlap leads for them
to merge together and cannot be separated by either the lateral or camera resolution
capable in the widefield imaging setup. The merging of the different antinodal planes
is also exaggerated by the use of a high NA lens. The number of antinodal planes

detected is dictated by the emission focal depth of the objective lens, which is between
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3 and 4 planes with an NA of 1.4, and greater spectral separation of the antinodal

planes does not occur until higher plane numbers, as can be seen in figure 3.5B.

The red blood cell imaging experiments were repeated using confocal microscopy
where it was found that spectral separation between the different excitation
wavelengths was more visible than was seen in the widefield data, this could possibly

be attributed to the V2 increase in resolution over widefield microscopy [48].
However, there is also the possibility that due to the relatively long time (compared to
the widefield imaging setup) that is required to acquire an image at a single wavelength
and then change the excitation source and rebalance the emission detection levels
combined with the highly dynamic nature of the red blood cell membrane that the
separation is in reality the result of the specimen deforming or undergoing photo-toxic
induced morphological changes [148], [185], [191]. The left-most red blood cell in
figure 3.13A certainly appears to indicate that at least this cell was changing shape
between excitation wavelengths however separation of the different excitation
wavelengths was observable when imaging was repeated on different red blood cell

specimens.

It was found when carrying out multi-excitation standing wave imaging that the cell
membrane dynamics of the specimen are very important to consider when choosing
the type of microscope to use for imaging. The fast wavelength switching and image
acquisition available to widefield microscopy is advantageous for the imaging of live,
moving specimens, providing the different antinodal planes can be resolved from each
other. If the imaging of fixed or static specimens is being carried out, then temporal
resolution is not a limiting factor and as such confocal microscopy may be more of
suitable technique as the ability to perform digital zoom and increase pixel numbers
for smaller regions could lead to greater understanding about the structure of different
sub-regions of the cell such as the leading edge of a cell or the growth cones in neurons.

TartanSW excitation widefield and confocal imaging was also carried out on MCF-7
cells. These cells are much larger than red blood cells and as such a lower
magnification and NA water dipping lens was able to be used. These cells are also
adherent which meant that every cell was in contact with the mirror and as such it was

much easier to carry out standing wave imaging of the specimen compared to red blood
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cells where only ones that were attracted to the poly-L-lysin coating could be imaged.
This can be a benefit for further experiments because as the cells are adherent they
could possibly be imaged live in a pharmacological buffer using a water dipping lens
which supports the application of drug washes to the specimens without them being
disturbed meaning that morphological changes in response to different stimuli could

be observed.

A combination of lower NA lens and larger specimens with more gradual membrane
gradients allowed for clear spectral separation between the excitation channels to be
observed meaning that a reduction in the information gap was obtained. Within the
cell bodies there existed large amount of intensity saturation points which was
observed in all widefield and confocal MCF-7 imaging experiments. It is possible that
the cause for these saturation points is as a consequence of dye labelled membrane
recycling by the cell through a process called endocytosis [210], [211].

Cells undergo a near constant rate of endocytosis in order to transport, proteins and
other large essential or foreign molecules into the cell which is mediated by clathrin-
coated pits [210], [212]. Once the dye labelled membrane is recycled into the cell they
form vesicles which are shuttled to the endosome to be broken down or recycled [213]
[212]. Once the dye labelled membrane vesicles are broken down they are either
translocated to the plasma membrane by the Golgi apparatus or are repurposed to be
used by other parts of the cell [213], [214]. This process could explain the presence of
these internal dye spots which are then exaggerated by the contrast and brightness

stretching that takes place during the image analysis.

In the widefield and confocal MCF-7 data it was observed that there were internal
membrane structures present in the cytosol. Furthermore, it could be seen in the
widefield time-lapse data set that these membrane structures began to swell and rupture
as the cell flattened and underwent stress over time and also of interest was that these
structures were detectable through the cell nucleus which is highly scattering meaning

that any internal structures that are close to the basal membrane could be observed.

It appeared that the structures observed within the interior of the cells could possibly
be comprised of recycled labelled plasma membrane and resembled internal membrane

vacuoles that can be caused by methuosis. Methuosis is a form of non-apoptotic cell
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death observed in cancer cells [215], [216] in which the cell generates multiple fluid
filled vacuoles within the cytoplasm to such an extent that the cell loses membrane
integrity and lyses [217], [218]. It is thought that this process could be a potential
method for the eradication of drug-resistant cancer cells [215]. The ability to study this
process using standing wave microscopy could result in the technique finding
applications within cancer research or imaging the formation and behaviour of other

internal organelles.

It was found that by taking the difference between the TartanSW excitation widefield
or confocal images that these saturation points were removed, and the contrast of the
images was improved in general allowing for easier visualisation of the reduced
antinodal planes. This also allowed for widefield TartanSW excitation-difference
images with an axial resolution on the order of 50 nm to be achieved with the added
benefit that a widefield TartanSW difference microscopy supports readily supports
high temporal resolution imaging.

The axial resolution now available to widefield standing wave microscopy exceeds
those possible using other widefield super-resolution technique, such as 3D SIM,
[111], [219] or TIRF [79]. TartanSW microscopy also benefits from the fact that a
much simpler experimental equipment and analysis is required than compared to
techniques such as 3D SIM or iPALM [113], [118]. It must be noted though, that the
lateral resolution improvement in SIM and iPALM are not present using TartanSW
excitation microscopy and as such for high lateral resolutions imaging requirements,

TartanSW may not always be suitable.

As TartanSW excitation-difference microscopy only requires three images for a
complete frame, the temporal resolutions possible using this technique also exceed
those possible in 3D SIM, in which 15 are required, or iPALM which requires
thousands of image triplets [113], [118]. An added benefit is that each individual
excitation wavelength image acquired in TartanSW by itself contains axial super-
resolution data whereas no individual SIM or iIPALM image can be used to extract

super-resolution data, the entire ensemble of images must be acquired.

Until recently with the introduction of multifocal SIM [219], the only way to image

the volume of a biological specimen using 3D SIM was to image at multiple focal
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depths within the specimen in order to generate a z stack [219]-[221] meaning that
many images have to be taken which could cause excessive photodamage to the
specimen or distort the grating pattern in thick specimens [111], [220]. Using
TartanSW excitation microscopy, super-resolved planes are generated with the entire
focal depth of the collection objective lens with only three images being required to

obtain an almost complete topographical map.

Previously, one of the techniques that had been most commonly used to image the
basal region of adherent cell specimens had been using TIRF microscopy. However,
TIRF microscopy has only been capable of imaging structures within approximately
100 nm of the cell-coverslip boundary [87]. Using TartanSW excitation/difference
microscopy we have not only been able to image internal structures but also obtain a
topographical map of the whole cell volume that lies within the focal depth of the
objective lens, though as three images are required for an information gap reduction
and improved axial resolution in TartanSW excitation — difference, the temporal

resolution is less than that which is possible with TIRF microscopy.

Though IRM has also been used to image adherent cells, a discussion on the limitations
in the accuracy of the images obtained from this technique compared to standing wave
microscopy has been previously discussed in section 2.4. Table 3.4 provides a brief
list of the imaging capabilities of several widefield super-resolution techniques that
were described in Chapter 1 in order to demonstrate a concise comparison for those
capable using TartanSW excitation-difference and single colour standing wave

microscopy.
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Table 3.4

super-resolution microscopy techniques.

Widefield Lateral Axial Single image Number of frames Full image temporal General limitations
microscopy resolution (nm) | resolution (nm) focal depth required for image resolution
technique (nm)
Single colour ~ 290 <100 > 750 1 Camera limited Missing information due
standing wave to nodal planes.
TartanSW ~290 <100 (55) > 750 3 Three times camera Prior knowledge about
excitation limit specimen structure is
(difference) required for image
reconstruction
IRM [73], [75] ~ 300 > 15 > 750 1 Camera limited Can report inaccurate
cell topography due to
cytoplasm density[177],
[178]
TIRF [79] ~ 300 [81] ~ 100 ~ 100 1 Camera limited Can only image objects
near the basal
membrane.
2D SIM [106] ~ 100 ~500 ~ 500 9 Nine times camera Grating contrast
limit + grating shift degradation in thick
specimens [223]
3D SIM [113] ~ 100 ~250 ~ 250 15 Fifteen times camera Grating contrast
limit + grating shift degradation in thick
specimens [223]
iPALM [222] <20 <20 ~225 < 10,000 60— 300 minutes High intensity

illumination + long
image acquisition
typically necessitates
fixed specimens
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The other TartanSW modality utilised in this Chapter was TartanSW emission. This
method was used to image fluorescently coated lens specimen and the results were
compared to the theoretical structure calculated according to equation (3.1). As can be
seen from figure 3.7 the detected widefield fluorescence emission intensity is
modulated by the presence of an emission standing wave as shown previously by Amor
et. al. This can be seen further in figure 3.7B as there is a clear separation between the
red and blue emission channels. However, when the line intensity plot was taken
through the image and transformed into distance above the mirror there was little
correlation found between the experimentally obtained and theoretical intensity

modulation.

One theory for where this disagreement between the widefield experimental and
theoretical plots comes from is that it could be accounted for if the experimental lens
specimen plot was offset from zero. This would suggest that the lens is not in fact in
contact with the mirrored surface which could be due to an oxidised layer or other
coating being present between the reflective surface and the lens. If this offset is
present, then the buffer layer between the lens and mirror would have to be large (on
the order of microns) and as such it is currently thought that this may be unlikely to be
the case.

This imaging experiment was carried out using both the evaporated aluminium
microscope slides and commercial aluminium mirrors and it was found that the
experimental modulation was different each time suggesting that the validity of the
TartanSW emission technique is highly dependent upon the mirror being used and
work is being carried out into identifying the origins of the discrepancy. It was also
found that after the image was acquired that registration had to be implemented
between the channels due to misalignment being generated within the emission-

splitter, which could also have possibly introduced artefacts into the image.

When the TartanSW emission lens imaging experiments were repeated using the
confocal microscope the intensity plots lined up almost exactly with the theoretical
values. A direct comparison between the two seems to suggest that the difference is
small and could be caused in this instance by a slight oxidisation layer between the
lens and the reflector (on the order of tens of nanometres). My colleague, Ross
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Scrimgeour, is currently working on MATLAB code in order to quantify the exact
offset between the theoretical and the experimental plots. Due to the nature of the
confocal emission channel acquisition it was not necessary to register the images

which made post-acquisition processing of the data easier.

Though the widefield TartanSW emission structure did not line up with the theoretical
values, the TartanSW emission technique (in both widefield and confocal microscopy)
could still be used to infer directionality of a structure by using the colour ordering of
the standing wave antinodal emission planes. This could be done as typically the
shorter wavelength detection bandwidth is at locations that tend to be slightly before
the longer wavelength ones, especially when using high NA objective lenses. By using
this principle, the ordering could aid in informing whether a structure was ascending

or descending in a given direction.

A computational script utilising phase unwrapping is currently being developed in
order to use the confocal data to generate axial height maps of specimens using the
emission fringes which will then be implemented with the widefield data if it can be
reconciled with the theory. There is also a temporal resolution benefit to the TartanSW
emission technique in that for both a widefield and confocal experiments, all of the
emission channels are acquired simultaneously whilst in TartanSW excitation

microscopy sequential excitation at different wavelengths are required.

The TartanSW emission technique was applied to the red blood and MCF-7 cells using
both widefield and confocal microscopy. The widefield red blood cell data did show
slight band separation that was observable in the line intensity plot though it still
suffered from the membrane gradient issues encountered in the widefield and confocal
TartanSW excitation experiments. This is again due to a combination of the high
intensity drop off that occurs within the small focal depth of the high NA objective
lenses and that the intensity modulation does not begin to become apparent until higher
antinodal plane numbers which are not being obtained in these imaging experiments.
These limited results were also observed when using confocal microscopy. The red
blood cell results obtained in the work from this chapter lead to the conclusion that

this specimen, and perhaps other small cells, may only be suitable for single colour
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standing wave imaging as the only slight observation of different spectral bands offers

little advantage to obtained results.

As with the TartanSW excitation data it was found that the larger MCF-7 cells imaged
with lower NA lens allowed more obvious spectral modulation to be observed than
with the red blood cell imaging setup. It was also found in the confocal data that
changing the excitation wavelength altered the emission patterns detected which is to

be expected from equation (3.1).

With the current state of the TartanSW emission technique, being only able to infer
directionality of the specimen structure at best, it is thought that TartanSW excitation
may be the superior technique for imaging live cell specimens. The TartanSW
excitation technique not only allows for the directionality of a structure to be inferred,
using plane ordering, but also provides an information gap reduction to obtain more
information about the specimen. Also, with the simple addition of an extra step in the
image processing stage allows for the enhancement of the axial resolution by
approximately a factor of 2. Future investigation, experiments and computational work
are required on the TartanSW emission imaging technique in order to convert the
intensity modulation into an axial height map of the specimen but once this is complete
it could then be combined with the TartanSW excitation modality resulting in a robust
high temporal and axial super-resolution technique which is highly compatible with
widefield live cell imaging.

3.5) Conclusions

The work in this Chapter has demonstrated the first application of the standing wave
technique on the membrane structure of whole adherent mammalian cells and
investigated the application of TartanSW excitation and emission imaging to
overcome some of the limitations observed with single-wavelength standing wave

microscopy.

158



These experiments have shown that by utilising widefield TartanSW excitation
imaging the information gap can be reduced resulting in an additional increase of 32.3
% more information about the specimen being obtained. By taking the difference
between the excitation channels it has also been shown that the axial resolution of the
standing wave technique can be improved by approximately a factor of two. This
TartanSW difference method was also used on TartanSW excitation images of MCF-
7 cells to obtain an axial resolution on the order of 50 nm which also increased the
contrast of the difference antinodal planes which in future could allow for

computational reconstructions to be obtained in the future.

TartanSW emission imaging was applied to both model and biological specimens and
whilst it was found to be successfully possible to carry out, there exists some
disagreement with the widefield theoretical structure that has to be resolved to allow
quantitative analysis to be carried out. However, this disagreement was not found to
be present in the confocal imaging and this technique could still be used to infer the
directionality of a structure. As a consequence of this, computational methods are
being developed in order to extract this information and generate axial height maps of

specimens imaged using confocal TartanSW emission microscopy.

These new TartanSW techniques lay the ground work to gain even more information
about a wider variety of specimens with an unprecedented widefield axial resolution

that supports high temporal resolution imaging.
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Chapter Four:

Ratiometric Ca** imaging of live cell
specimens loaded with Fura-2 AM using
a rapid switching 340/380 nm LED

IHHluminator

he purpose of this Chapter is to discuss the work that was carried out utilising

a new 340/380 nm LED illuminator for Fura-2 ratiometric Ca?* imaging of

live cell specimens and comparing the performance to a commercial
350/380 nm LED system. This work has demonstrated that using the 340/380 nm
illuminator allows for the recording of cytosolic Ca?* changes below 5 nM, the
possibility to reduce the concentration of Fura-2 loaded into cells down to 250 nM
without compromising the detection of induced Ca?* changes and the ability to image,
with high precision, synaptically-driven Ca?* events in hippocampal neurons at a
video-rate. When this was compared to the results obtained when imaging using the
350/380 nm illuminator it was found that the precision in our experiments was above
the precision of the response of Fura-2 and that dye loading concentrations below 500
nM resulted in a statistically significant different Ca?* response than that obtained with

1 uM dye loading.

4.1) Introduction

Intracellular calcium (Ca®") plays a varied and integral role in mediating and

controlling many biological processes including the regulation of muscle contractions

160



[224], triggering insulin release from pancreatic cells [225], and the release of
neurotransmitters in neurons [226]. Increases in cytosolic Ca?* levels can originate
from a number of sources including being released from internal stores that are
triggered by the activation of G-protein coupled receptors by both endogenous and
exogenous stimuli [227], or from external sources via influx across the cell membrane
through the opening of voltage-gated Ca?* channels [24]. Hence, the measurement of
Ca?* dynamics has been utilised extensively in biological research as it can reveal how
specimens respond to different stimuli and how Ca?* signaling is altered in disease

states.

4.1.1 Methods for detecting intracellular Ca?

The first studies into measuring electrical activity in biological specimens were carried
out by Hodgkin and Huxley [228] who probed the axon of a giant squid usinga 1 mm
diameter glass capillary filled with saline. The basis of this technique has been
advanced since then leading to the voltage clamp method [229], [230]. Voltage
clamping has been used extensively to study membrane potentials and ion channels
allowing the investigation of intracellular and extracellular ion exchanges to be
recorded. Though electrophysiological methods are still the gold standard for
measuring electrical activity within and between excitable cells due to their high
temporal resolution [231], the technique is limited as the spatial resolution is low and
the nature of the technique leads to low throughput data production that is highly
invasive [231]-[233]. In contrast, the development of Ca?* specific fluorescent
indicators allows for high throughput data acquisition with good spatial resolution [1],
[231], [234], which has allowed intracellular Ca?* dynamics to be investigated non-
invasively in multiple cells simultaneously using widefield epifluorescence

microscopy.

Fluorescent Ca?* indicators typically fall into two different categories, namely single
excitation wavelength indicators, including Fluo-4 and Fluo-3, or dual-wavelength
dyes (emission or excitation) such as Fura-2 or Indo-1 [25], [235]. Single wavelength
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indicators have a high quantum yield and allow for a simple excitation and detection
setup. The Ca?" concentration changes are then identifiable through an intensity
change in the fluorescence emission [236]. However, these indicators are unable to
provide quantitative Ca?* data since the emission intensities may be influenced by dye

concentration or photobleaching during imaging [25], [237].

Dual wavelength, or ratiometric, Ca®* indicators have either excitation or emission
wavelengths that shift in response to concentration changes in cytosolic Ca?* [25],
[238]. As there is a change in wavelength these dyes require a more complex imaging
setup that ensures that the free and bound Ca?* wavelengths are recorded separately.
The quantitative cytosolic Ca?* concentrations are obtained by taking a ratio of the
Ca?* free and bound wavelengths, with these ratios being unaffected by the optical
path lengths, light intensities or the dye concentration within the cytosol [236], [239],
[240]. Whilst quantitative data can be acquired, dual wavelength indicators typically
have a smaller dynamic range than single wavelength dyes [25].

Fura-2 is a ratiometric fluorescent Ca?* indicator that was developed as an improved
alternative to the Ca?* indicator, Quin2 [241]. Fura-2 holds advantages over another
ratiometric dye, Indo-1, as it has a larger dynamic range between Ca®* bound and free
states [25], and is more resistant to photobleaching [236]. When cytosolic free Ca?*
binds to Fura-2, the dye undergoes a chemical structure change (see figure 4.1) and the
peak excitation wavelength changes from 380 nm to 340 nm whilst the peak emission
around 510 nm remains unchanged (figure 4.2) [241]. By sequential excitation of Fura-
2 at 340 nm and 380 nm and taking a ratio of the emission signals for each excitation
wavelength, these ratios can be calibrated to a measurement of the corresponding
cytosolic Ca®* concentration by measuring the ratio of the fluorescence emission signal
in the presence of known free Ca?* concentrations. Fura-2 in its salt form is
impermeable to cellular membranes so in order to enter the cytosol of biological
specimens acetoxymethyl esters (AM) are added to the molecule [235], [236]. This
AM addition allows the dye to cross the plasma membrane and after which is then
cleaved from Fura-2 through hydrolysis by cytosolic esterase leaving the dye trapped
within the cell [234]-[236].
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Figure 4.1; Chemical structures of the fluorescent molecule Fura-2 when either

unbound or bound to intracellular Ca** adapted from [242].
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Figure 4.2; Excitation spectrum of Fura-2 in buffer obtained at an emission

wavelength of 510 nm in the presence of different concentrations of free Ca?* [241].

It can be seen in the excitation spectra shown in figure 4.2 that there exists a
wavelength at which there is no intensity change in the presence of different
concentrations of Ca?". This point, known as the isoshestic point, occurs around
360 nm for Fura-2 [25], [243] and it has been used in studies in to image intracellular
Ca?* concentration changes by exciting at 360 nm and 380 nm [244]-[246]. In this
configuration increases in Ca?* concentration are then identified by a decrease in the
emission intensity when excited at 380 nm but there should be no change in the

emission intensity obtained at 360 nm excitation.
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4.1.2 Light sources used for Fura-2 Ca?" imaging

Historically, the most commonly used light source for widefield Fura-2 excitation has
been an arc lamp and monochromator [25] [236]. Mercury arc lamps were first
developed by Peter Cooper Hewitt in 1901 [247] and emit incoherently and non-
uniformly across the UV to IR electromagnetic spectrum with several discrete high
intensity peaks [36]. Xenon arc lamps, conversely, have an output spectrum which is
approximately uniform across the visible spectrum but holds the disadvantage that
most of the output occurs in the, less useful, IR region. Light is generated by a high
voltage ignition arc between two tungsten electrodes which vaporises the mercury or
xenon in the bulb and results in a plasma arc to be held between the two electrodes
[248]. After this initial ignition the bulb requires a “warm up” to reach full brightness
[36], [249]. The bulbs have relatively short life-times on the order of 200 hours, require
a “burn in” period, contain toxic material, are an explosive hazard and have outputs

that decrease in intensity the further the bulb is through its lifetime [36], [249], [250].

In addition to these limitations, users of these systems for ratiometric Ca?* imaging
have had to sacrifice precise and immediate control over light intensity without the use
of neutral density filters and are only able to utilise wavelength switching speeds on a
millisecond timescale due to monochromator limitations. In addition, arc lamp light
sources exhibit inherent amplitude instability on the order of 5% [251], [252], which
reduces the accuracy of measurement and as a result small changes in Ca?* may go
undetected [253]-[255]. This amplitude instability is present due to a number of
factors such as arc wander, where the arc moves between the electrodes in a circular
motion, arc flare, characterised by a sudden change in brightness, and arc fluttering,
an effect caused by convection currents due to the temperature difference between the
arc and its surroundings [250], [252], [256]-[258].

Previous investigations have used two-photon microscopy to conduct Fura-2 Ca?*
imaging [259], [260]. By using this technique, it is possible to reduce photo-bleaching
rates in the out of focus planes [261] and image deeper into bulk specimens [262].

However, point-scanning two-photon excitation is slow [263], [264], as is the
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wavelength scanning of the laser [265]. This combination of limitations does not
readily support the detection and measurement of fast changes in Ca?* concentration
that are possible with a widefield microscope and a fast acquisition camera. More
recently, widefield two photon microscopy has been used to image hippocampal
neurons loaded with Fluo-4 [266], but this work does not support quantitative

measurement of Ca%* concentration.

In recent widefield calcium imaging experiments, LEDs have been utilised to excite
Fura-2. This type of illuminator can support high stability switching on microsecond
timescales and offer precise output intensity control by simply changing the LED drive
current. Until recently, commercial LED systems have only offered LED combinations
of 350/380 nm or 360/380 nm for ratiometric Fura-2 Ca?* imaging, which do not
precisely match the excitation wavelengths required or only allow excitation at the
isosbestic point [25].

The gallium indium nitride (GalnN) material system can be tailored to produce LEDs
that output wavelengths from 360 nm up to 530 nm [267], [268] covering the near UV
to blue-green range. The now ease of developing LEDs in this wavelength range made
the current LED illuminators for ratiometric Fura-2 Ca?* imaging readily available. In
order to produce LEDs in the range of 340 nm, which is a shorter wavelength that is
obtainable with the GalnN system, aluminium gallium indium nitride (AlGalnN) must
be used instead. There are several issues with these types of LEDs that typically leads
to them having typically a low output efficiency. Al has an extremely high binding
affinity for oxygen (O2) which leads to a largely reduced emission [269], the material
system has a low conductivity [270] and the films are very susceptible to cracking
[271]. Despite these short comings there have been great improvements in recent years
by making use of multi-quantum well structures and refining the device substrate
leading to 340 nm LEDs with greatly enhanced brightness [272]-[275].

The now commercial availability of the new shorter wavelength, high-brightness LED
at 340 nm [272] has made it possible to develop a 340/380 nm switchable LED
illuminator and demonstrate its application in microscopy by performing Fura-2
ratiometric Ca%* imaging in both an immortalised cell line and in primary cultured

neurons exhibiting pharmacologically-induced and synaptically-driven Ca?*
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responses. The ability to excite Fura-2 at both Ca®* bound and unbound peaks without
the use of an arc lamp and monochromator could result in higher precision
measurements made possible due to the use of a high stability light source and that
higher temporal resolution could be obtained by removing the limitations seen in

monochromator systems.

4.2) Materials and methods

4.2.1 Characterisation of 340/380 nm and 350/380 nm LED systems

In order to compare the performance of both LED systems for ratiometric Fura-2 Ca2*
imaging of live cell specimens and to determine if there was any advantage to using

the 340/380 nm illuminator it was first necessary to characterise both light sources.

The peak output spectra for the 340 nm (pE-100-340, CoolLED) and 380 nm LEDs
(pE-100-380, CoolLED) were measured using a spectrometer (USB2000+UV-VIS-
ES, OceanOptics). The peak wavelength and FWHM were determined using the same
method described in Chapter 2, section 2.2.3. The peak wavelength and FWHM for
each LED were found to be 342 + 1.50 (FWHM — 9.30 % 1.50) nm and 383 £ 1.50
(FWHM - 8.30 £ 1.50) nm. Plots of these spectra can be seen below (figure 4.3).
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Figure 4.3; Output spectra of 340 nm and 380 nm LEDs obtained at a driving current
of 1.52 £ 0.16 A.

The output spectra of the commercial 350/380 nm LED illuminator (OptoLED, Cairn)
was measured using the same apparatus as above. It was found that these LEDs had
peak wavelengths and FWHM of 360 + 1.50 nm (FWHM — 7.60 £ 1.50 nm) and 386

+ 1.50 nm (FWHM - 6.50 + 1.50 nm) (figure 4.4).
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Figure 4.4; Output spectra of 350 nm and 380 nm LED.
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Power measurements were recorded using the same equipment and methods described
in section 2.2.3. Measurements were taken at the specimen plane under an Olympus
20x/0.5 water dipping objective lens at drive currents from zero to 1.520 + 0.160 A for
the 340 nm and 380 nm LEDs.

The 340 nm LED demonstrated a linear increase in optical power of approximately
6.60 mW/A up to 0.59 = 0.07 A. Above this current the 340 nm LED exhibited
rollover, a phenomenon where with an increase in drive current the optical power
begins to plateau or even decrease. The 380 nm LED showed a linear increase in
optical power of approximately 14.7 mW/A increase in current up to 1.52 = 0.16 A.

The optical power at different drive currents are shown in figure 4.5.

For the experiments presented, the 340 nm LED was used at an optical power at the
microscope specimen plane of 1.32 + 0.01 mW and the 380 nm LED was kept between
1.40 £ 0.02 and 3.08 + 0.01 mW.
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The power measurements at the specimen plane for the 350/380 nm LED system were
unable to be recorded as our powermeter was not sensitive enough to detect the low
optical powers at the specimen plane, furthermore, the sliding intensity control for
these LEDs would not allow for accurate replication of any measurements if they had

been obtained.

To measure the experimental resolutions with each LED a 20x/0.5 water dipping
objective lens was used to image 100 nm diameter fluorescent beads (Fluoresbrite BB
Carboxylate Microspheres 0.10 pm, Polysciences Europe GmbH, Germany)
sandwiched between a microscope slide and coverslip which was coupled to the
objective lens by a layer of water. The FWHM was calculated by taking a line intensity
plot through one of the imaged beads. By doing this it was found that due to the camera
binning of n = 2 used, the resolution of the imaging system was limited by the size of

the pixels which was 649 nm.

4.2.2 tsA-201 cell culture

tsA-201 cells, a modified HEK-293 cell line, were cultured at 37 °C in a 5% CO>
humidified incubator in 75 cm? tissue culture flasks containing 10 mL of Dulbecco’s
Modified Eagle’s Medium (DMEM) low glucose, pyruvate medium (Gibco, Paisley,
UK) including 10% foetal calf serum (Biosera, Sussex, UK), 1% penicillin-
streptomycin (Sigma, Dorset, UK) and 1% MEM non-essential amino acids (Gibco,
Paisley, UK). After 3 days in culture, the medium was removed, and the cells were
washed twice in PBS (Gibco, Paisley, UK). Subsequently, cells were dissociated from
the flask using 2 mL of TrypLE (Gibco, Paisley, UK) and incubated at 37 °C until all
cells were detached. Cells were then resuspended in 7 mL of the modified DMEM
media. 0.5 mL of these resuspended cells was then seeded into wells of a 6 well plate
that contained a 13 mm diameter borosilicate coverslips with a thickness type 1.5 and
1 mL of 37 °C modified DMEM per well. The plate was rocked gently to ensure even
distribution in the wells. The cells were then left to grow for one day before imaging.
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4.2.3 Primary hippocampal neuron culture

Mouse hippocampal cultures were prepared as described previously [276], [277].
Briefly, 1 to 2-day-old C57/BL6J pups were sacrificed by cervical dislocation and
decapitated. The hippocampi were removed, triturated and the resulting cells were
plated at a density of 5.5 x 10° cells-mL* onto 13 mm poly-L-lysine (0. 01mg.mL™)
coated coverslips. Cultures were incubated in culture medium consisting of
Neurobasal-A Medium (Invitrogen, Paisley, UK) supplemented with 2% (v/v) B-27
(Invitrogen, Paisley, UK) and 2 mM L-glutamine and maintained in a humidified
atmosphere at 37°C/5% CO; for 10-14 days in vitro (DIV). All animal care and
experimental procedures were in accordance with UK Home Office guidelines and

approved by the University of Strathclyde Ethics Committee.

4.2.4 Fluo-4 Ca?" imaging of pharmacologically-induced Ca?

transients in live cell specimens

In preparation of assessing the performance of the 340/380 nm LED for ratiometric
Ca?* imaging it was first necessary to test our imaging setup and pharmacological
stimuli which was done by carrying out Ca?* imaging of tsA-201 specimens loaded
with the single wavelength Ca?* indicator, Fluo-4 AM.

Specimen coverslips were washed three times in the HEPES-buffered saline (HBS)
control solution and loaded with Fluo-4 AM (1 uM) (Invitrogen, Paisley, UK) for 45
— 60 minutes at 37 °C, after which they were washed a further three times prior to
imaging. Throughout imaging experiments coverslips were under constant perfusion
with either control or drug solutions at a rate of 3 — 3.5 mL/minute. The HBS control
solution was made up in distilled water and contained (in mM): NaCl, 140; KCl, 5:
MgCly, 2; HEPES, 10; D-glucose, 10: CaCly, 2. The pH of the solution was made up
to 7.40 £ 0.02 by addition of 10 M NaOH and the osmolality of the solution was
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adjusted to 0.310 + 0.002 mOsm through the addition of sucrose. All drug solutions
were made up in the control solution described.

tsA-201 specimens were placed individually in a perfusion bath under a 20x/0.5 water
dipping objective lens (Olympus UMPIlanFl) which was coupled to an upright
widefield epifluorescence microscope (Olympus BX50). The specimens were
illuminated by a 470 nm LED (pE-4000, CoolLED) coupled to the microscope with a
liquid light guide and a universal collimator (CoolLED) for a duration of 100 ms. The
LED had a peak output wavelength of 479 = 1.50 nm (FWHM - 27.6 + 1.50 nm) and
the optical power at the specimen plane set to 7.34 £ 0.02 mW. Both output spectra
and specimen plane power measurements were measured using the same method
described in section 2.2.3. Emission was detected > 515 nm using a CMOS camera
(ORCA-Flash 4.0LT, Hamamatsu) at a rate of 0.5 Hz using a camera binningn = 2. A
schematic diagram of this setup can be seen in figure 4.6.

During cell imaging, specimens were perfused with the HBS control solution initially
to establish a baseline resting Ca?* level. Following the initial wash 4.5 mL ATP (5
puM) (Sigma, Dorset, UK) was perfused into the bath followed by a control solution
wash to remove any stimuli and return the cells to the baseline levels. A second drug
wash of 4.5 mL trypsin (100 nM) (Sigma, Dorset, UK) was then perfused which was
again followed by another wash of control solution.

The pharmacological stimuli used to induce Ca?* changes in the tsA-201 cells (a sub-
clone of the HEK-293 cell line) were chosen as they have been previously shown to
cause large and gradual increases in intracellular Ca?* [278]-[282] allowing it to be
imaged using our acquisition rate of 0.5 Hz. The mechanism that causes a Ca*
concentration change with the application of ATP is due to the P2X ligand gated ion
channels which are found in a wide range of different cell types [278]-[280]. When
ATP binds to these extracellular receptors they undergo a conformation change
opening a ion permeable channel in the plasma membrane allowing Ca?* ions to enter
the cell [283]-[285].

Trypsin is an agonist of the G-coupled receptor, protease activated receptor 2 (PAR2)
which is present in many cell types [286]-[288]. PAR2 has an extracellular portion

which is cleaved by the application of trypsin, the result of this is an intracellular
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signalling cascade which releases Ca?" from the endoplasmic reticulum into the

cytosol to cause many different cellular processes [289]-[291].

All signals were recorded using the WinFluor imaging and electrophysiology analysis
software [165], which also synchronised and TTL triggered the 470 nm LED. Using
WinFluor, multiple ROI from each coverslip imaged were selected including an area
without any cells to establish the background value for each coverslip. The time
courses for the resulting background-subtracted fluorescence emission signals for each
ROI could then be obtained.

For these experiments five separate cultures of tsA-201 cells were imaged.
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Figure 4.6; Generalised schematic diagram of experimental imaging setup showing
the location of the specimen in relation to the objective lens and where the perfused
solution flows over the specimen and gets removed from the bath. The light paths of
the 470 nm LED are also shown to be collimated and then illuminate the specimen
after being reflected by a > 505 dichroic mirror. The emitted Fluo-4 fluorescence
propagates upwards through the objective lens, >505 nm dichroic mirror (Olympus)
and 515 nm longpass filter (Olympus) to the camera. The camera and pE-4000 are

connected to a computer system for triggering and recording fluorescent signals.

174



4.2.5 Fura-2 ratiometric Ca?* imaging of pharmacologically-induced

Ca?* transients in live cell specimens

For experiments utilising the 340/380 nm and 350/380 nm LED illuminators for
ratiometric Ca2+ imaging tsA-201 and hippocampal neuron specimens were loaded
with Fura-2 AM (1 puM) (Invitrogen, Paisley, UK) in the same manner as used when
loading the Fluo-4 AM.

Imaging of the specimens using the 340/380 nm illuminator was carried out using the
same microscope and objective lens as in the Fluo-4 experiments but with different
filters and light source. The 340/380 nm LED illuminators was coupled to the
microscope with a beam path combiner (pE-combiner, CoolLED) which contained a
> 365 dichroic mirror (365dmlp, Chroma), and clean up filters for each LED (Semrock
BrightLine 340/26 nm bandpass filter for the 340 nm LED and a Semrock BrightLine
387/11 nm bandpass filter for the 380 nm LED). A schematic diagram for this setup

can be seen in figure 4.7.
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Figure 4.7; Generalised schematic diagram of experimental imaging setup showing
the location of the specimen in relation to the objective lens and where the perfused
solution flows over the specimen and gets removed from the bath. The light paths of
the 340/380 nm LEDs are also shown to converge through the use of 365 nm dichroic
mirror and then illuminate the specimen in the perfusion bath sequentially. The emitted
Fura-2 AM fluorescence propagates upwards through the objective lens, >400 nm
dichroic mirror (Olympus) and 420 nm longpass filter (Olympus) to the camera. The
camera and power supplies for both LEDs are connected to a computer system for
triggering and recording fluorescent signals.

During cell imaging, the tsA-201 cells were exposed to the same pharmacological
stimuli as when carrying out the Fluo-4 imaging. The hippocampal neuron specimens
were perfused with control solution initially to establish a baseline resting Ca?* level
followed by 4.5 mL of glutamate (20 uM) (Sigma, Dorset, UK). The cells were then

allowed to return to baseline levels before being washed with potassium chloride (KCI)
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(20 mM) (Sigma, Dorset, UK). The cells were then returned to the baseline which

concluded imaging.

During this process, the specimens were alternatively illuminated with the 340 nm and
380 nm LEDs each with an exposure time of 100 ms and imaged at a rate of 0.5 Hz
with emission being detected above 420 nm by the same CMOS camera used

previously in the Fluo-4 imaging experiments.

The Ca?* changes in the hippocampal neurons that were mediated through glutamate
application results from the activation of inotropic glutamate receptors which are
ligand gated ion channels [23], [292], [293]. The two main receptors of this type are
a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and N-methyl-D-
aspartate (NMDA), and when glutamate binds to these it opens up a channel through
the cell membrane which allows for Ca?* ions to enter the cell [23], [292], [294]-
[296]. The KCI wash causes a Ca®* concentration change in the hippocampal neurons
through the depolarisation of the cell membrane and the activation of voltage gated
Ca?* channels allowing a Ca?* influx to the cell as the ions flow along the
electrochemical gradient [240], [297], [298].

All signals were recorded using the WinFluor imaging and electrophysiology analysis
software [24], which also synchronised and TTL triggered the 340/380 nm illuminator
and camera. In this setup, a switching speed between LEDs of 150 ps was available.
The ROIs and background subtraction were obtained in the same method described in

the Fluo-4 imaging section.

The experimental procedure described in this section was repeated using all the same
optics but placed under a different widefield microscope (BX51W, Olympus) with a
350/380 nm LED illuminator coupled to it.

For the experiments carried out using this procedure, six different cultures of tsA-201
cells and four different hippocampal neuron cultures were used with each different

illuminator.
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4.2.6 Imaging trypsin mediated Ca?* transients in tsA-201 cells using

low concentrations of Fura-2 AM

To determine the minimal practical concentration of Fura-2 AM that could be used
with this new light source, tsA-201 cells prepared as above but loaded with either 750
nM, 500 nM or 250 nM concentrations of the dye. Ratiometric Ca?* imaging was then
carried out on the tsA-201 cells using the same procedure previously described except
the only drug the specimens were washed with was the trypsin (100 nM) solution.

This experimental procedure was repeated loading the cells with either 500 nM or 250
nM Fura-2 AM using the 350/380 nm LED microscope setup.

4.2.7 Fura-2 video-rate ratiometric Ca?" imaging of synaptically-
driven Ca?* transients in hippocampal neurons using the 340/380 nm

illuminator

Ratiometric Fura-2 imaging of synaptically-driven Ca?* events in hippocampal
neurons at a video-rate was carried out. This was made possible as the 340/380 nm
LED illuminators were capable of 150 us switching speeds. The hippocampal neurons
were loaded with 1 uM of Fura-2 AM in the manner described previously. In order to
stimulate action potential firing in the neurons perfused the cells with HBS solution
without any magnesium ions (Mg?*) which removes the voltage-dependent blockade
of NMDA receptors [299], [300]. To facilitate imaging at a video-rate, the exposure
times of illumination were decreased to 20.5 ms for each LED and the rate of imaging

was increased to 24.39 Hz.
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4.2.8 Data analysis and statistics

The background-corrected emission fluorescence time courses from the 470 nm
excitation for the Fluo-4 experiments or the 340/380nm excitation or the 350/380 nm
excitation for the Fura-2 experiments obtained from WinFluor were read into a custom
MATLAB script to determine the average baseline Ca?" level detected during the
initial HBS solution wash. Each ROI was then normalised to the associated calculated
average baseline. The average peak fold increases of the emission signal or ratios
above the baseline for drug washes were then calculated using the normalised emission

ratios.

To convert the background corrected emission ratios from the 340/380 nm excitation
into a measurement of the free cytosolic Ca®* concentration the following equation
was used [241],

247 Fmax (R_ Rmin)
[Ca%*] = Kp, [oes S tmin 4.1)

where Kp is the dissociation constant for Fura-2 which is 224 nM [241], R is the
experimental emission ratios and Fmin, Rmax, Fmax and Rmin are the 380 nm fluorescence
emission signals and emission ratio from 340/380 nm excitation at saturating and zero
free Ca?* levels, respectively. In order to determine the experimental values required
for equation (4.1) the background-corrected emission ratios were obtained from 39 uM
and 0 uM free Ca?* solutions using a Fura-2 Ca?* imaging calibration kit (Invitrogen,
Paisley, UK). The values for Fmax, Rmax, Fmin and Rmin at the experimental optical

powers used can be seen below (table 4.1).
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Table 4.1; Experimentally determined variables required for equation (4.1) at the

experimental optical powers at the specimen plane used for each LED.

340 nm 380 nm Fmin Fmax Rmax Rmin
Power (mW) | Power (mW)
1.32 1.40 2157 262 13.56 0.37
1.32 2.29 2246 273 11.76 0.33
1.32 2.54 2265 280 11.27 0.31
1.32 2.76 2502 322 11.14 0.29
1.32 3.08 2895 409 9.56 0.25

The MATLAB scripts used to analyse the results can be found in Appendix 1. All
biological replicates are reported as an ‘n’ number which are equal to the total number
of ROIs investigated throughout each experiment taken from at least 4 different
cultures. All data are expressed as mean + standard error of the mean. Data were
compared by using either an unpaired student t-test or a one-way ANOVA with

Tukey’s comparison, when appropriate, with P values < 0.05 considered significant.

4.3) Results

4.3.1 Fluo-4 Ca?" imaging of pharmacologically-induced Ca?

transients in live cell specimens

Using tsA-201 cells (n = 240) loaded with Fluo-4 AM it was possible to successfully
use our imaging apparatus to carry out Ca®" imaging (see figure 4.8). With the
application of ATP (5 uM) a normalised emission fluorescence fold increase above
the baseline was recorded of 3.70 + 0.10 (n = 240) and for the trypsin (100 nM) a fold
increase of 4.80 £ 0.10 (n = 240).
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Figure 4.8; Representative trace of Fluo-4 emission fold increases above the baseline
in tsA-201 cells with emission increases being induced by application of ATP (5 uM)
and trypsin (100 nM) and imaged a 470 nm LED.

4.3.2 Fura-2 ratiometric Ca?* imaging of pharmacologically-induced

Ca?* transients in live cell specimens

Once it was confirmed that it possible to carry out Ca* imaging using our perfusion
and imaging setup the next step was to move on to imaging tsA-201 cells and
hippocampal neurons loaded with 1 pM Fura-2 AM and illuminated using a
commercial 350/380 nm LED illuminator. The normalised emission ratio fold
increases above the resting baseline recorded in the tsA-201 cells were 0.81 + 0.02 (n
= 411) evoked by ATP (5 uM) and 1.49 + 0.05 (n = 411) by trypsin (100 nM). The
hippocampal neurons showed an increase of 2.50 £ 0.06 (n = 289) with the application
of glutamate (20 uM) and 1.05 £ 0.03 (n =289) by KCI (20 mM). Representative traces

for these specimens are presented in figure 4.9.
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Figure 4.9; A) Representative trace of normalised emission ratio changes in tsA-201

cells with Ca?* changes being caused by application of ATP (5 uM) and trypsin (100

nM) and imaged using the 350/380 nm LED illuminator. B) Representative trace of

normalised emission ratio changes in hippocampal neurons with changes being

caused by washes of glutamate (20 uM) and KCI (20 mM) and imaged using the
350/380 nm LED illuminator.

It was then demonstrated that it was possible to image pharmacologically-induced Ca?*

concentration changes in tsA-201 cells (n = 572) and cultured hippocampal neurons (n
= 388) using the 340/380 nm LED illuminator (representative images of the tsA-201

cells and hippocampal neurons are showing in figure 4.10).
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Figure 4.10; A) Representative images of tsA-201 cells excited at both 340 nm and 380
nm. B) Representative images of hippocampal neurons excited at both 340 nm and 380

nm.

The normalised emission ratio fold increases above the resting baseline in the tsA-201
cells were 1.67 + 0.04 (n =572) evoked by ATP (5 uM) and 3.08 + 0.04 (n =572) by
trypsin (100 nM). The hippocampal neurons demonstrated an increase of 4.23 + 0.01
(n = 388) with the application of glutamate (20 uM) and 2.51 + 0.06 (n = 388) by KCl

(20 mM). Representative traces can be seen in figure 4.11.
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Figure 4.11; A) Representative trace of normalised emission ratio changes in tsA-201
cells with Ca?* changes being caused by application of ATP (5 uM) and trypsin (100
nM) and imaged using the 340/380 nm LED illuminator. B) Representative trace of
normalised emission ratio changes in hippocampal neurons with changes being
caused by washes of glutamate (20 uM) and KCI (20 mM) and imaged using the
340/380 nm LED illuminator.
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When comparing the responses obtained using both light sources it was found that
those recorded using the 340/380 nm LED illuminator were significantly larger than
those detected with the 350/380 nm illuminator (P < 0.001). The comparison for each

specimen can be seen in figures 4.12 and 4.13.

. 340/380 nm illuminator
47 |:| 350/380 nm illuminator

:lﬁl‘

ATP trypsin

Emission ratio fold increase
N
1

Figure 4.12; Comparison of the pharmacologically-induced fluorescent fold increases
above the baseline in tsA-201 cells obtained when illuminating with either the 340/380

nm illuminator or the 350/380 nm illuminator.
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Figure 4.13; Comparison of the pharmacologically-induced fluorescent fold increases
above the baseline in hippocampal neurons obtained when illuminating with either the
340/380 nm illuminator or the 350/380 nm illuminator.

Using equation (4.1) each ROI recorded using the 340/380 nm illuminator was
converted to a measurement of cytosolic Ca?* to allow quantitative data to be extracted.
From the measurement of the cytosolic Ca?* concentrations, it was found that the ATP
(5 uM) induced cytosolic Ca?* increases of 280.40 + 7.80 nM (n = 572, P < 0.0001
compared to baseline of 81.20 + 5.60 nM, figure 4.14A,) and the trypsin (100 nM)
caused a 581.90 + 10.20 nM (n = 572, P < 0.0001 compared to baseline of
81.60 £ 5.60 nM, figure 4.14A) in the tsA-201 cells. In hippocampal neurons,
glutamate (20 pM) induced Ca?* increases of 645.40 + 18.20 nM (n = 388, P < 0.0001
compared to baseline of 92.29 + 10.12 nM, figure 4.14B) with KCI (20 mM) eliciting
increases in Ca?* of 357.60 + 9.18 nM (n = 388, P < 0.0001 compared to baseline of
92.29 £+ 10.12 nM, figure 4.14B).
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Figure 4.14; A) Representative trace of cytosolic Ca?* concentrations in tsA-201 cells
with Ca?* increases being caused by application of ATP (5 uM) and trypsin (100 nM)
and imaged using the 340/380 nm LED illuminator. B) Representative trace of
cytosolic Ca?* concentrations in hippocampal neurons with calcium increases being
caused by washes of glutamate (20 uM) and KCI (20 mM) and imaged using the

340/380 nm LED illuminator.
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4.3.3 Full duration at the half maximum intensity of the Ca?
responses obtained in hippocampal neurons when illuminating with

either LED system

After comparing the fluorescence-fold increases of the pharmacologically-induced
Ca2* responses using each LED illuminator system, it was investigated whether the
full duration at the half maximum (FDHM) intensity of the responses in hippocampal

neurons were affected by choice of light source.

When using the 340/380 nm LED illuminator it was found that the FDHM of the Ca?*
responses in the hippocampal neurons (n = 388) were 165.8 + 5.3 seconds and 225.2
+ 5.3 seconds for the glutamate and KCI applications, respectively. The FDHM
responses with 350/380 nm illumination (n = 289) were 154.3 + 5.4 seconds and 237.0
+ 3.4 seconds for glutamate and KCI, respectively.

It was found when comparing the FDHM of the responses with each light source that
there was no significant change when using either light source (P > 0.05) (see figure
4.15).
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Figure 4.15; FDHM of the Ca?" responses evoked in hippocampal neurons imaged using
either the 350/380 nm and the 340/380 nm LED illuminators.

4.3.4 Fura-2 Ca?* baseline fluctuation measurements

To determine the minimum cytosolic Ca?* concentration change that could be
accurately detected from the baseline levels using the 340/380 nm or the 350/80 nm
illuminators, the baseline fluctuations observed in the experiments reported above
were analysed. To do this the maximum and minimum emission ratios in the baseline
measurements for each ROI were determined and calculated what this corresponded

to as a percentage of the associated average baseline.

It was found that when using the 340/380 nm illuminator, an average peak-to-peak
fluctuation of 5.9 £ 0.2 % (n = 572) for the tsA-201 cells was measured and 4.2 + 0.2
% (n = 388) for the hippocampal neurons. A representative plot of the baseline

normalised emission ratio in a single neuron can be seen in figure 4.16.
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The fluctuations in the 340/380 nm signals equate to a cytosolic Ca®* concentration
fluctuation of 4.85 + 0.19 nM in the tsA-201 cells and 3.88 £ 0.15 nM in the

hippocampal neurons, calculated using equation (4.1).
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Figure 4.16; Representative plot of the noise observed in the normalised baselines of
the hippocampal neuron whilst carrying out 0.5 Hz ratiometric Fura-2 Ca* imaging

of the specimens using the 340/380 nm illuminator.

When the specimens were illuminated using the 350/380 nm LEDs the tsA-201 cells
had an average peak-to-peak fluctuation of 17.9 + 0.6 % (n =411, P <0.0001 compared
to the 340/380 nm tsA-201 fluctuation) and 12.8 £ 0.5 % (n = 289, P < 0.0001
compared to the 340/380 nm hippocampal neuron fluctuation). A representative plot
of the baseline of a hippocampal neuron can be seen in figure 4.17 and a statistical
comparison between the average fluctuations observed each light source can be seen

in figure 4.18.
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Figure 4.17; Representative plot of the noise observed in the normalised baselines of
the hippocampal neuron whilst carrying out 0.5 Hz ratiometric Fura-2 Ca* imaging

of the specimens using the 350/380 nm illuminator.

To determine whether cellular auto-fluorescence fluctuations due to UV excitation of
mitochondrial NADH were significantly contributing to our fluctuation measurements
[301] 0.5 Hz acquisition rate Ca?* imaging using the 340/380 nm LEDs was carried
out on hippocampal neurons and HEK-293 cells not loaded with Fura-2 AM. As the
cells were not loaded with Fura-2 AM any fluorescence detected must be due to

cellular auto-fluorescence. The results of which can be seen in table 4.2.
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Figure 4.18; A comparison of the average baseline noise obtained in each specimen

when illuminated with either the 340/380 nm system or the 350/380 nm system.

Table 4.2; Baseline emission counts for each excitation wavelength obtained in
specimens that were either unlabelled or loaded with Fura-2 AM.

Specimens not loaded with Specimens loaded with Fura-2
Fura-2 AM AM
HEK-293 Hippocampal | tsA-201 cells | Hippocampal
cells (n =10) | neurons (n=9) (n=27) neurons (n = 54)
Baseline
emission counts | 58.9+7.8 81.5+14.3 765.4 £ 39.5 7451 +512.2
from 340 nm
excitation
Baseline
emission counts 37.2+3.7 111.5+18.2 | 894.8 +47.7 8237 £ 560.7
from 380 nm
excitation
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An unpaired student t-test applied to the baseline emission counts for each excitation
wavelength in cell specimens with and without Fura-2 AM demonstrated that the auto-
fluorescence signal was not significant with respect to the fluorescence emission signal
in the loaded cells (P < 0.0001) which in agreement with previous observations [302].
Also, in agreement with the work of Grynkiewicz et. al. [241], it was observed that
there was no change in auto-fluorescence signal in response to stimuli, shown in
figures 4.19 and 4.20, suggesting that the contribution to the overall fluorescence data
from changes in mitochondrial NADH or other intracellular dynamics is negligible

and can be discounted from our analysis.
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Figure 4.19; Representative plot of normalised emission ratio obtained when imaging
HEK-293 cells not loaded with Fura-2 AM.
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Figure 4.20; Representative plot of normalised emission ratio obtained when imaging

hippocampal neurons not loaded with Fura-2 AM.

It was also confirmed again that using the 340/380 nm illuminator sub-5 nM precision
was obtained using known Ca?* concentrations. To do this, a 17 nM free Ca®* solution
from a Fura-2 Ca?* imaging calibration kit was diluted (Invitrogen, Paisley, UK) with
distilled water to create a series of solutions with free Ca?" concentrations that
decreased in steps of 2 nM. Through imaging 5 pL of each solution for 60 seconds at
arate of 0.5 Hz and obtaining the average background corrected fluorescence emission
ratio it was determined that at concentrations above 5 nM changes in Ca?* on the order

of 2 nM were identifiable (see figure 4.21).
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Figure 4.21; Background corrected 340/380 nm emission ratios obtained from
imaging solution with different concentrations of free Ca?*. The errors observed in the
background corrected emission ratios is the SEM over the 60 second imaging period

and the errors in the free calcium is the systematic error in the pipettes used.

4.3.5 Imaging trypsin mediated Ca?* transients in tsA-201 cells using

low concentrations of Fura-2 AM

The possibility of using lower concentrations of dye than those typically recommended
in Fura-2 AM loading protocols was investigated [240], [303]. To do this the trypsin
(100 nM) mediated Ca?* transients were imaged in tsA-201 cells loaded with either
750 nM (n = 111), 500 nM (n = 119) or 250 nM (n = 130) Fura-2 AM and compared
the average peak normalised fluorescence ratio increase to the value obtained in the
initial experiments when using 1 pM of Fura-2 AM (n = 572, figure 4.22). The
fluorescent fold increases above the baseline for the 750 nM, 500 nM and 250 nM
were 3.35 + 0.18 (n = 111, P > 0.05 compared to 1 uM Fura-2 AM) 2.93 £ 0.12 (n =
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119, P > 0.05 compared to 1 uM Fura-2 AM) and 3.26 = 0.13 (n = 130, P > 0.05
compared to 1 uM Fura-2 AM) respectively.

250nM 500nM  750nm  1uM

Emission ratio fold increase
N

Concentration of Fura-2 AM

Figure 4.22; Comparison of 340/380 nm emission ratios obtained from cytosolic Ca?*
increase when tsA-201 cells loaded with different concentrations of Fura-2 AM were

perfused with trypsin (100 nM).

This experiment was repeated using the 350/380 nm LED illumination system loading
the tsA-201 cells with either 500 nM (n = 120) or 250 nM (n = 100) of Fura-2 AM.
For the tsA-201 cells loaded with 500 nM of Fura-2 AM an average fluorescence fold
increase above the baseline of 1.52 + 0.04 (n =120, P > 0.05 compared to 1 uM Fura-
2 AM) was recorded and for the cells loaded with 250 nM Fura-2 AM a response of
1.28 £ 0.06 (n =100, P < 0.05 compared to 1 uM Fura-2 AM) (see figure 4.23).
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Figure 4.23; Comparison of 350/380 nm emission ratios obtained from cytosolic Ca®*
increase when tsA-201 cells loaded with different concentrations of Fura-2 AM were

perfused with trypsin (100 nM).

4.3.6 Fura-2 video-rate ratiometric Ca®" imaging of synaptically-
driven Ca?* transients in hippocampal neurons using the 340/380 nm

illuminator

It has been shown previously using widefield two photon microscopy at imaging
speeds between 10 and 100 Hz that synaptically-driven Ca?* events could be detected
in hippocampal neurons loaded with Fluo-4 AM [266]. Here the 340/380nm LEDs
were utilised to image at 0.5 Hz and 24.39 Hz acquisition rates synaptically driven
Ca?* events in hippocampal neurons, induced by the application of Mg?*-free HBS. At
0.5 Hz, aclear increase in intracellular Ca®* levels were observed when Mg?*-free HBS
was applied but individual events were difficult to decipher (figure 4.24A). However,
at an image acquisition rate of 24.39 Hz, the fastest rate possible with the camera used
in this study, individual increases in intracellular Ca?* levels were observed that are

similar to action potential firing seen when using patch clamping [266], with some
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synchronicity in firing between different neurons also being observed (figure 4.24B).
Indeed, a peak-to-peak measurement of the baseline fluctuations at 24.39 Hz found an
average fluctuation of 7.10 £ 0.04 % (n = 21) which equates to a fluctuation in the
average resting Ca®* (104.50 + 4.10 nM) of 7.42 + 0.04 nM (n = 21). The imaging at
0.5 Hz had an average baseline fluctuation of 5.22 + 0.06 % (n = 39) which is a
fluctuation in the basal Ca®* (87.90 + 5.30 nM) of 4.59 + 0.05 nM.
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Figure 4.24; Spontaneous Ca?* events are induced in Mg?*-free HBS. A)
representative trace from a single hippocampal neuron of Mg?*-free induced Ca?*
events imaged at 0.5 Hz and B) representative trace from two hippocampal neurons of
Mg?*-free induced Ca?* events imaged at 24.39 Hz.
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4.4) Discussion

In this work the first experiments began with testing our perfusion system and
confirming that Ca?* responses were observed in our specimens with the application
of different pharmacological stimuli. To do this the decision was made to make use a
simpler optical setup and hence the single wavelength Ca?* indicator Fluo-4 was used
and it was found that it was possible to record induced Ca?* responses in the tsA-201
cells. This work aided in becoming familiar with the experimental process and
provided insight into what was required when writing the MATLAB script for our Ca?*

analysis which was adapted to be used for the Fura-2 AM Ca?* experiments.

The work then progressed to image induced Ca?* responses in tsA-201 cells and
hippocampal neurons loaded with Fura-2 AM illuminated with a commercial
350/380 nm LED illuminator that was being used by other researchers in the university
to carry out pharmacological studies. One of the observations that was made from the
characterisation of the LED system was that whilst being advertised as a 350/380 nm
system the measured peak wavelengths were actually 360 + 1.50 nm and
386 £ 1.50 nm. This means that this system would not detect any increase in cytosolic
Ca?", rather it will be exciting at the isosbestic point and only decreases in the non-
bound Ca?* state of Fura-2 can be detected through the 386 nm excitation. Even with
this observation though it was possible to image the pharmacologically induced Ca?*

in both specimens as expected.

Using the new 340/380 nm LED illuminator, it was confirmed that it was also possible
to be used to image induced Ca?* responses in the specimens. When the responses from
each light source were compared it was found that the responses recorded using the
340/380 nm LEDs were significantly higher than those with the 350/380 nm system
(P < 0.0001). This result is attributed to the 340/380 nm LEDs more accurately
matching the Fura-2 excitation wavelengths of bound and free Ca?* states. This
accurate matching leads to more efficient excitation of the dye and a higher signal-to-
noise. It also results in an emission change occurring with Ca?* increases during 340

nm excitation rather than remaining static at the isosbestic point. The ability to
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accurately recreate the optical powers at the specimen plane using the 340/380 nm
illuminator allowed us to calibrate our emission ratios into quantitative cytosolic Ca?*
concentrations. The fluorescence fold increases and cytosolic Ca?* changes measured
in the live cell specimens using the 340/380 nm LED are also in agreement with
previous studies and personal observations in hippocampal neurons, tsA-201 cells and
HEK- 293 cells illuminated using an arc lamp system [282], [288], [304]-[306].

Another parameter of interest to investigate was the FDHM of the Ca?" responses
observed when using either light sources. It was found when the FDHM of the Ca?*
responses in the hippocampal neurons were analysed that there was no statistically
significant change in the times observed with either light source. This means that users
of the 350/380 nm illuminator will still record accurately the duration of responses
though the amplitude will be significantly smaller than those when using the
340/380 nm LEDs which could be an issue when high noise levels are present.

Through analysis of the baseline Ca?* peak-to-peak noise in the tsA-201 cells and the
hippocampal neurons illuminated with each light source it was found that the
340/380 nm LEDs demonstrated a significantly lower baseline noise than what was
recorded using the 350/380 nm illuminator (P < 0.0001, figure 4.18). As it was not
possible to calibrate the 350/380 nm emission ratios to cytosolic Ca?* a definitive
measurement on the precision of these measurements is not obtainable, though with
the assumption that the baseline Ca®* levels remained approximately equal between
light sources then there were fluctuations of 14.70 £ 0.60 nM in the tsA-201 cells and
11.80 + 0.60 nM in the hippocampal neurons. The theoretical precision of Fura-2 to
changes in cytosolic Ca?* is between 5 — 10 nM [307] and as the responses obtained
using the 340/380 nm illuminator are below the theoretical precision of Fura-2 leads
our recordings only to be limited by the response of the dye.

In addition to the dye limited Ca?* responses, it has been shown that using the
340/380 nm illumination system it is possible to load our cells with lower
concentrations of Fura-2 AM than recommended in loading protocols. Statistical
analysis of the emission ratios obtained using the concentrations of Fura-2 AM down
to 250 nM showed no statistically significant difference between them. When
repeating this experiment using the 350/380 nm illuminator concentrations of Fura-2
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AM down to 500 nM were only possible. Below this value the evoked Ca?* responses
were statistically different from those when the cells were loaded with 1 uM of Fura-
2 AM (P < 0.05). The utility of lower dye concentrations is not only an economical
advantage by allowing more uses from a vial but also may increase the viability of
cells by reducing the concentrations of formaldehyde and acetic acid created through
the hydrolysis of AM-ester [308].

A recent study has demonstrated that Fura-2 (as well as several other frequently used
fluorescent Ca2* indicators) loaded in five separate cell types at different concentration
(1 - 8 uM) reduced cellular viability and suppressed both Na,K-ATPase and
spontaneous Ca?* activity [309]. In this recent paper it was found that these effects
only occurred at a statistically significant level at higher concentrations of the dye and
not at the typical loading concentration of 1 uM [309], [310]. As such, the ability to
use lower concentrations of dye (down to 250 nM) could alleviate most if not all the
negative effects caused by the presence of the indicator.

Finally, this work has demonstrated the functionality of the new 340/380 nm
illuminator system by utilising the intrinsic LED advantages of rapid wavelength
switching and amplitude stability to image synaptically-driven Ca?* events in
hippocampal neurons at a video-rate of 24.39 Hz. When the Ca?* traces recorded
imaging at video-rate were compared to those recorded when imaging at 0.5 Hz (figure
4.24A). It can be seen from this comparison that due to the slow image capture rate of
0.5 Hz, many of the rapid synaptically driven Ca?* events cannot be imaged. The
appearance of these events in the presence of Mg?* free HBS is due to the relief of the
voltage-dependent blockade of NMDA receptors by Mg?*[299], [300]. This is a well-
established phenomenon that is used extensively both in academia and in the
pharmaceutical industry to induce synaptically driven Ca?* events and epileptiform-
like activity[311], [312], but the clear discrimination between individual events has
not previously been possible due to the limitations of arc lamp systems. It is also
apparent that some synchronicity between larger Ca?* events exists as has been
reported previously for neuronal networks under Mg?* free conditions[312], [313]. The
increase in baseline fluctuation observed in these measurements compared to the
slower imaging rates can be attributed to a decrease in the signal-to-noise ratio due to

the lower exposure times used which reduces the number of photons collected for each
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image though this increased fluctuation is not significantly different from that obtained
at 0.5 Hz imaging rates (P > 0.05). The ability to observe these spontaneous changes
in Ca?* using widefield microscopy allows for improved temporal resolution of
imaging synaptically-driven neuronal Ca?* events whilst maintaining the high spatial
resolution afforded by Ca?" imaging leading to a higher throughput of more
informative measurements than currently offered with existing Ca?* imaging methods
[231].

4.5) Conclusions

This work has demonstrated the application of a truly 340/380 nm LED illuminator for
ratiometric Ca®* imaging of live cells loaded with Fura-2 AM. The application of this
new illuminator has also been compared to a commercial 350/380 nm LED illuminator
currently being used in research. By matching the wavelengths of the illuminator to
the optimum excitation wavelengths of the free and Ca?* bound states of Fura-2 more
efficient excitation of the dye is achieved which leads to higher signal-to-noise and
dye limited accuracy in detecting changes in cytosolic Ca?*. This work has also
demonstrated the ability to image Ca?" transients with cells loaded with lower
concentrations of Fura-2 AM than is recommended in loading protocols and even
lower than that which is possible using the 350/380 nm illuminator. By combining the
intrinsic benefits of the high stability measurements with the rapid wavelength
switching available to the 340/380 nm LEDs allowed the imaging synaptically-driven
Ca?* events in hippocampal neuron. The benefits demonstrated by this illuminator
represent a significant improvement over existing LED-based illuminators and frees

Fura-2 ratiometric imaging from the problems of arc lamps.
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Chapter Five:

Conclusions

5.1) Summary

he contents of this thesis have presented the body of work carried out over
the duration of my PhD in developing and advancing the standing wave
microscopy technique and applying it to image multiple biological
specimens. It also shows the development and testing of a new 340/380 nm LED
illuminator for ratiometric Ca?* imaging and comparing the performance to a current

commercial light source.

The work contained in Chapter 2 is the application and reconstruction of video-rate
widefield axial super resolution standing wave imaging of the red blood cell membrane
using a LED illuminator. It was shown that by imaging a fluorescent lens specimen
upon a mirror and using the radius of curvature of the lens the average experimental
antinodal FWHM and distance between planes could be determined for the 550 nm
and 525 nm LEDs used for illumination. This was done in air and with a layer of 4%
BSA and PBS between the lens and the mirror to demonstrate the refractive index
dependence of the standing wave structure and to obtain the axial resolution for the
following red blood cell experiments. It was determined as well that the experimental
values obtained were not statistically different from the theoretical values which was
useful to determine as this was the first experiments in which a laser source was not
used for illumination. The Chapter then applied this technique to Dil labelled red blood
cell specimens imaged continuously with an exposure time of 33 ms for a duration of
33 seconds providing 1000 frame movies. This allowed dynamic red blood cell
membrane fluctuations to be observed in real time which was not something that could

be carried out when using confocal microscopy as was done in the prior work by Amor
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et. al. Using a script developed by my colleague, Ross Scrimgeour, it was possible to
take the video rate standing wave movies and generate 2D and 3D reconstructions of
the red blood cell membrane which could allow quantitative analysis to be carried out
and also eases visualisation of the specimen. It was found when the standing wave
imaging red blood cell emission intensities were compared to the same experiment
carried out in widefield that there were no greater rates of photobleaching between the
two and when imaging was carried out over longer time periods that both techniques
caused the red blood cell to decay at the same rate. This shows that there are no
observable increase in the detrimental effects caused to the specimens by carrying out
standing wave imaging and with the simple addition of the mirror any widefield
microscope can be made capable of axial super-resolution.

In Chapter 3 two multi-wavelength standing wave imaging modalities (TartanSW
excitation and emission) were investigated and applied to live cell specimens. This
work also demonstrated the first application of standing wave microscopy to

investigate the membrane of whole adherent mammalian cells.

The motivation of using multi-excitation standing wave imaging was to reduce the
nodal contributions of the standing wave structure in the image by using three different
excitation wavelengths to generate antinodal planes at different heights above the
mirror. It was found that information gap was reduced from 44.3 % to only 12.0 % of
the image by imaging fluorescent lens specimens which was found to be accurate when
compared to the theoretical models. The technique was then applied to red blood cells
and MCF-7 cells where it was found that the technique was less effective on red blood
cells as the cell membrane gradient was too steep to obtain much spectral separation
between the planes. This, however, was not the case when imaging the MCF-7 cells
where not only was the spectral separation between the channels observed but it was

possible to also detect internal membrane vacuoles.

Using the TartanSW excitation images it was also found that by taking the difference
between the separate excitation channels using the ImageJ image calculator that the
resolution of the resulting images was improved by a factor of approximately 2. This
was achieved as the difference between the channels reduced the widths of the
antinodal planes allowing resolutions on the order of 50 nm to be obtained when
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imaging fluorescent lens specimens. This was first compared to theoretical models by
using the lens specimen images and then was applied to the MCF-7 images so as to
improve the resolution. This simple ImageJ post acquisition process allows the
widefield standing wave technique to obtain axial and temporal resolutions in live cell
specimens that surpasses those currently possible with other widefield super-resolution
techniques. It was also found that the difference technique greatly improved the
contrast of the MCF-7 cell images which would allow for 3D reconstruction of the

specimens to be carried out in the future.

Chapter 3 has also demonstrated the application of multi-emission standing wave
microscopy on fluorescent lenses, red blood cells and MCF-7 cells using both
widefield and confocal microscopy. The intensity moiré pattern obtained due to the
interference between the excitation and emission standing wave could be used to
provide an exact axial height for the individual planes rather than relying on prior
knowledge of the specimen structure to infer where an antinodal plane is in relation to
another. It was found when comparing the theoretical multi-emission standing wave
structure to that obtained using widefield multi-emission standing wave microscopy
that there was a discrepancy between the two that was not present when comparing the
confocal data. Further work is required to investigate the presence of this discrepancy
though multi-emission can still be used qualitatively to infer the directionality of a

specimen structure.

The final experimental Chapter describes the work carried out in developing a new
340/380 nm LED illuminator for ratiometric Fura-2 Ca®* imaging and comparing its
performance to a commercial 360/380 nm LED system. It was discovered through the
imaging of pharmacologically induced Ca?* events in hippocampal neurons and tsA-
201 cells that though both light sources were capable of detecting the events with no
change in the FWHD, the 340/380 nm light source gave significantly higher responses
than the commercial source with the additional benefit that it was possible to convert
the responses from the new light source into actual cytosolic Ca?* concentrations. It
was also investigated whether loading the cells with dye concentrations less than the
recommended levels affected the obtained Ca?* response and it was found that it was
indeed possible to reduce the dye concentration down to 25 % of the recommended

without observing any change in response with the 340/380 nm illuminator however
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with the commercial light source the dye could only be reduced to 50 % of

recommended.

The fluctuations present in the resting Ca?* levels of the cells were also investigated
and found that when using the 340/380 nm illuminator precisions in Ca?* below 5 nM
were obtained which was not possible using the commercial source. As Fura-2 has a
detection precision to Ca?* changes that is between 5 and 10 nM these results show
that by simply using the new light source experiments can be carried out which are
only limited by the dye response. The final experiments made use of the fast
wavelength switching properties of the 340/380 nm illuminator in order to image the
Ca?* changes caused by spontaneous firing in hippocampal neurons at a video rate
allowing for individual responses to be resolved. This allows for highly accurate and
fast Ca?* imaging to be carried out in future which would not have been possible using

previous light sources.

5.2) Future Work

The standing wave microscopy techniques demonstrated here could have applications
for a wide variety of cell types imaging many different processes due to the axial and
temporal resolutions available. One of the most attractive benefits of standing wave
microscopy is the simplicity in the technique which allows regular microscope users
to carry out axial super resolution imaging by simply replacing their usual imaging

substrate with a readily affordable mirror.

The TartanSW modalities allows for more data about the specimen structure to be
obtained but requires either a specialist light source or an emission splitter to be added.
It is worth of note though that with the rising availability of modular LED systems and

emission splitters this is no longer as much of a barrier to entry as it may first seem.

The TartanSW excitation modality in particular could be of interest to many due to the
more complete map of the specimen being obtained and the difference method between

channels allowing for imaging with an axial resolution on the order of 50 nm.
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Resolutions of this order typically require costly equipment or the expertise to home

build systems which is not always available to those carrying out biomedical imaging.

Current work within the group between myself and others is the application of these
techniques to SH-SY5Y cells which are neuronal in structure meaning that it could
find application in imaging the growth of neuronal cells. To date, fixed cells are being
used with rhodamine phalloidin to stain the actin filaments to carry out TartanSW
imaging of the internal cytoskeleton structure. There are live cell dyes available to
stain the actin filaments, so this work could be carried forward to obtain standing wave
images of neuronal growth cones as the cells propagate and form neuronal networks.

The standing wave technique could also be used for membrane potential imaging in
excitable cells. Membrane potential probes typically have emission intensities that
change in response to either the depolarisation or hyperpolarisation of the cell
membrane. It is possible that as standing wave imaging with high temporal resolution
is available that the membrane potential within different anti-nodal planes could be
obtained in response to stimuli and plotted to investigate the local membrane potential

at axially separate points of the cell.

Other areas in which standing wave microscopy could be applied are cell mitosis,
migration or blebbing. These are all dynamic cellular processes which are of interest
in many different fields of research and standing wave microscopy could aid in
understanding the structure of the cell in real time. The computational reconstruction
side of standing wave microscopy complementing these studies as the 3D visualisation
of the cellular dynamics eases visualisation and understanding. With the wealth of
possibilities in applications and studies it is apparent that standing wave microscopy

could have a major role to play in biomedical investigations.

Finally, through the work that was carried out for this thesis on the 340/380 nm LED
illuminator has led the industrial sponsor to commercialise the technology and
packaging in into a product named the pE-3407YRA, The ability to now rapidly excite
the peak excitation wavelengths of Fura-2 with detection precisions not possible before
will hopefully be a boon to those in the field and should free Fura-2 Ca?* imaging from
the light source compromises that were had to be made in the past.
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Appendix 1 - Calcium analysis
MATLAB script

Conversion of 340/380 fluorescence signal ratios to Ca2+

concentrations

clc;
clearvars;

close all;

FE————————— Following script for fura-2 AM work —----------
%$Section imports 340 and 380 plots and divides them from
each other and

%isolates only the ROIs and creates a time vector

filename = uigetfile

data340 = xlsread(filename);
filename = uigetfile
data380 = xlsread(filename) ;

o)

% create time vector

Time = data340(:,1);

% selects only ROI intensity counts from spreadsheets.
Change final number to double the number of ROIs
data340(:,2:2:36);

ROI380 data380(:,2:2:36);

ROIs = ROI340./ROI380;

ROI340

%Set the baseline range

Baseline = ROIs(1:78,:);
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%Determinee the average baseline for each ROI

Averagebaseline = mean (Baseline);

%$Normalise the fluorescent signal against the average base
line
for i = 1:81

Normalisedsignal (:,1) = (ROIs (i, ) -
Averagebaseline) ./Averagebaseline;

End

% %Plot the ROIs against Time

figure (1) ;plot (Time,Normalisedsignal)

% Allows the wash times to be placed at a custom time and
height on the plots

line ('XData', [85 162], '¥YData', [3.5 3.5], 'LineStyle',
'-', 'LineWidth', 2, 'Color', [0 0 01)

line('XData', [227 304], '¥YData', [3.5 3.5], 'LineStyle',
'-', 'LineWidth', 2, 'Color', [0 0 01])

% set this value to the number of ROIs for later

No.ROIs = 1:18;

%$Sets the time ranges that the different drugs were applied
DrugOneRange = 1:214;
DrugTwoRange = 215:429;

%$Finds the ratios at the ranges dictated by the drug wash

times

Drugonenormalised = Normalisedsignal (DrugOneRange, :);

Drugtwonormalised Normalisedsignal (DrugTwoRange, :) ;

DrugOneROI = ROIs (DrugOneRange, :);
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DrugTwoROI = ROIs (DrugTwoRange, :);
Drugonetime = Time (DrugOneRange, :) ;

Drugtwotime = Time (DrugTwoRange, :);

% find the minimum value of each ROI at the timepoint just
before the second drug wash incase the cells have not
returned to baseline.

Drug2min = Normalisedsignal (123);

%Determine the max value in the drug 1 range for each ROI

drugl = max (DrugOneROI) ;

%3Find the average peak response for first drug wash

Averagedrugl = mean (drugl)

%$Determine the peak signal for the second drug for each
ROT

drug?2 = max (Drugtwonormalised) ;

$Incase cells had not returned to baseline then subtract
the baseline level prior to drug wash from the drug
response

drug2actual = drug2-Drug2Zmin;

% %$Determine average peak signal increase for drug two

Averagedrug2 = mean (drugZactual)

F—m == Following script to change to free

calcium —---

% Experimental 340/380 ratios in high calcium
13.55567686;
11.75544318;

MAXRAT54

MAXRATS58
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MAXRAT6 = 11.26621568;
MAXRAT64 = 11.13556475;
MAXRAT7 = 9.545291077;

[

% Experimental 340/380 ratios in low calcium
MINRATS54 = 0.373218912;
MINRATS58 = 0.327243869;
MINRAT6 = 0.317324211;
MINRAT64 = 0.285767276;
MINRAT7 = 0.250995247;

Qo

% Experimental 380 counts in low calcium
2157;
2265;

MAXSIG54

MAXSIG58

MAXSIG6 = 2246;
MAXSIG64 = 2502;
MAXSIG7 = 2895;

o)

% Experimental 380 counts in high calcium

MINSIG54 262;

MINSIG58 280;

MINSIG6 = 273;
MINSIG64 = 322;
MINSIG7 = 409;

% Kd for Fura-2
kd = 225;
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[

% Pre calculations in order to convert the average baseline
and ratios into intracellular Caz2+

HighCalcium = MAXRAT58 - ROIs;

LowCalcium = ROIs-MINRATS58;

HighCalBase = MAXRAT58 - Averagebaseline;

LowCalBase = Averagebaseline - MINRATS5S;

[

% Fura-2 conversion equation converting ROIs and
baseline measurements to CaZ2+

for p = No.ROIs

Calciumlevel (:,p) =
(LowCalcium(:,p) ./ (HighCalcium(:,p)))* (MAXSIG58/MINSIG58)
*kd;

Calciumbaseline (:,p) =
(LowCalBase (:,p) ./ (HighCalBase (:,p))) * (MAXSIG58/MINSIG58)
*kd;

end

% Determine the peak and average calcium increases in
the drug ranges
Calciumleveldrugl =Calciumlevel (DrugOneRange, :);

MaxCalciumleveldrugl = max (Calciumleveldrugl) ;

Calciumincreasedrugl = MaxCalciumleveldrugl -
Calciumbaseline;
MeanCalciumleveldrugl = mean (Calciumincreasedrugl) ;

Calciumleveldrug?2 =Calciumlevel (DrugTwoRange, :);

MaxCalciumleveldrug?2 = max (Calciumleveldrug?2);

Calciumincreasedrug? = MaxCalciumleveldrug? -
Calciumbaseline;
MeanCalciumleveldrug?2 = mean (Calciumincreasedrug?) ;
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[

\

demonstrate when washes were carried out

figure (2);plot (Time,Calciumlevel)

line ('XData', [50 127], '¥Ybata', [700 7007,

'-', 'LineWidth', 2, 'Color', [0 0 0])

line ('XData', [180 257], '¥YDbata', [700 7007,

'-', 'LineWidth', 2, 'Color', [0 0 0])
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Baseline fluctuation code

clc;
clearvars;

close all;

E—————— Following script for fura-2 AM work —-—--——-——-—-—----
%$Section imports 340 and 380 plots and divides them from
each other and

%isolates only the ROIs and creates a time vector to
establish baseline fluctuations.

filename = uigetfile

data340 = xlsread(filename);

filename = uigetfile

data380 = xlsread(filename);
time = data340 (:,1);
ROI340 = data340(:,2:2:18);

ROI380

data380(:,2:2:18);
ROIs = ROI340./R0OI380

%Isolate the baseline times and ratio values for each ROI
and the 380 counts

Basetime = time(1:45,:);

Baseline = ROIs(1:45,:);

Base380 = ROI380(1:45,:);

%isolates only the ROIs and creates a time vector to
establish baseline fluctuations.

for i = 1:9

meanbase(:,1) = mean(Baseline(:,1)):

end
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%Normaliase the baseline for each ROI

for §J = 1:9

normalisedbase(:,]) = (Baseline(:,3) -
meanbase (:,j)) /meanbase(:,]) ;

end

$Determine the max and min value for in the baseline for

each ROI and the max/min for the 380 counts

Maxfluct max (Baseline) ;

Minfluct min (Baseline) ;
Maxflut380 = max (Base380) ;

Minfluct = min (Base380);

%$Determine what the percentage fluctuation is for each ROI
for g = 1:15

Baselinefluct(:,q) = (Maxfluct (:,q9) -
Minfluct (:,qg)) /meanbase(:,q);

end

$Plot the normalised baseline for each ROI

plot (Basetime,normalisedbase)

% Variables outputted can now be used to calculate the

actual Ca2+ fluctuation in the baseline measurements
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