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Abstract

Optical microscopisan important tool in biomedical sciences and allows for the imaging
of single cellsand has become vital and versatile tool for understanding cellular and
subcellular processes. However, due to the wave nature of, ligbspatialresolution is
limited. As a result, most of the important biological process of a cell take place below
200nm, whichis beyond the resolution capabilities of conventional optical microscopy

techniques.

In this work,l used multi-planar $anding wave microscopyan ial super resolution
technique, where incident and reflected lighrom a mirror surface, creata standing
wave Multiple planesof lights are generatedwith a spacingof < k Hwith an axial
resolutionof < k fwhere<is the excitation wavelength of light amdis the refractive
index Whenthe multiple planes of light interseet fluorescentlyabelled specimerthe
result san image with 3D information encoded in a 2D imdghowed thamulti-planar
standing wave images tiealthy and Plasmodium berghenfected red blood cellbad
clear morphologicaldeformationsin the cell membraneFurthermore, by applying a
combination of noise filtering andsegmentation techniques2D anti-nodal plane
information wasextracted.Next, | applieda prioriknowledgeto the standing waveed

blood celsimages to create 8D reconstruction of the bottonsoncave surface

To overcome, the limitations of singleavelengthstanding wav¢SW)microscopya new
method, which we callTartanSWmulti-excitation was applied to biological specim&n
Thisreduced the modulation gapwhen compared withthe use ofa single-excitation
wavelength Furthermore, TartanSW multexcitation and multemissiorboth showeda
uniquespectral signature thateducedthe ambiguity in the geometrgf the specimen
Lastly, by utilising the phase difference between the different Takénult-excitation
wavelengths| showed that in principlethe phase differenceould beused to determine

the axial height information from 2Dencoded standing wave pattern.
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Chapter 1

Introduction



In this chapter, lbriefly overview microscopy in general with a summarysoper

resolution microscopy andhierferometric techniques.

1.1 Fundamentallimits of resolution inoptical microscopy

In optical microscopyesolutionis the smallest distance at which two separate point
objects can be resolve[d]. Therefore, the resolution determines the smallestilular

and subcellular structures and processes that can be observed by an optical Rjtem
Resolution can be quantified in several ways: eityetthe point-spread furction (PSF)
such as the Rayleigh, Sparrow criteriorddhe fullwidth half maximum(FWHM) or by

the resolution criteria which was first experimentally demonstrated by Ernest Abbe in
1893[1].

1.1.1Resolutionbased on thepoint spreadfunction

Two methods which use the PSF are the Rayleigh criterion and the Sparrow limit shown
in Figure 1.1 The Rayleigh criterion was proposed by Lord Rayleigh and is defined as the
first minimum of one objed Airy diskwhich is overlapping with the maximum geaf

the second objects Airy digthen thesetwo objectsare said tcstill beresohable[3]. The
Sparrow limitis defined as twaAiry disksthat are at a distance apanivhich overlapto

the extent wherethe resultingintensity profile between thd\iry dislsbecome flat such

that the dip in the sum othe intensity ceases to be visibleetween the two Airy disks

[3]. Another common definition is thieill-width half maximum (FWHMgsolution which

is the difference between two points at half the intensity value of the Bisk[4].



[\

[
Resolved Rayleigh Sparrow Not resolved

Figurel.l- In red the PSF is shown for tpoint sources and the blue dashed line is
sum of the intensities of the two PSF.Tap clearly resolved objext(b) Two objects &
the Rayleigh limit. The black dashed line shows the overlap of the maximum of
with the first minimum of the second PSF (c) Two objects at the sparrow limit and

objects which cannot be resolvEs].

1.1.2Abberesolutionlimit

The fundamental theory for understanding the limitreSolutionfor the modern light
microscopewas first understoodby the work of Abbe in 187@]® Ly ! 66S5Qa T2 NJ
2F (GKS GKS2NR 2F AYF3IAy3a:r 1606S0Qa fAYAL R
structure that can be imaged and resolveg an optical microscope. Consider the
following setup a specimen, an objective lens, the focal plane and the image plane.

the specimen is illuminated by a collimated coherent light souttoe specimen acts as

a diffraction grating and the objectivedns acts as a transform lens which forms a
Fraunhofer diffraction patterof the object inthe transform plane. The light waves then
propagate beyond the transform plane of the objective lens and interfere to form an
inverted image of the specimdt], [3], [5] Abbe made an important realisation that the

objective lens cannot collect all the higher orders of the diffraction pattern. Thus, the
numerical aperture (NA) of the objective lens defines the resolutrait [4]. In general,

the Abbe limit for l#eral resolution is given by:



A — — (1.1)

where, NA =nsin(d) is the numerical aperture of the objective lensis the refractive
index of the medium between the coverslip and the objective lansl < is the

wavelength of the detected light. The axial resolutairan optical system is given [8j:
A — (1.2)

where, NA =nsin(d) is the numerical aperture of the objective lens ards the
wavelength of light. It is clear when comparing Eqftahd1.2 tha the resolution in the
axial direction is poorer than in the lateral direction. For vidilet the lateral resolution
is approximately 20300 nm, whereas the axial directiorthe resolution is on the order
of 700 nm[7]. Comparably, electron microscopy (EM) ddfeesolution below the
diffraction limit of light. EM allows visualisation céllularstructures smaller than 200
nm, due to the De Broglievavelength of electrons being much shorter th#me

wavelength of visible light, EM techniques have achieved a resolutiih&low 50 nm

[8].

EM has limited practical applications in biological studies, due to the preparation
methods which is limited to fixed cells specimens and can cause shrinkage and alteration
to the specimen presenting afacts in the final imagef®]. Therefoe, there is much
demand to produce better resolutiowith optical microscopes as many of the cellular
features andprocessesake place below 200 nij2], andto overcome the limitations of

EM microscopes. Techniques haween developedhroughout the years to improve
resolution, including confocal microscopy which imyesthe lateral and axial FWHM
resolution by a factor ofi¢ over aconventionalmicroscope and allows for precise
optical sectioning[10], [11] In moe recent years, microscope techniques using
interference methodssuch as 4pi microscof$2] and standing wave microscopi3],

[14] have improved the axial resolution by a factor of five. Moreover, with the

development of superesolution techniques such as STORM|, PALM[16], [17]and



STED18], [19] it is pcssible to achieve a lateral resolution below 100 nm andxial

resolutions below 150 nm.

1.2 Overview ofoptical microscopy

The development of the first compound optical microscaopeften accreditedto the

Dutch spectacle maker Zacharias Janssdb@®which wasclosely followed by Galileo

Galilei in 161(Q3]. Robert Hooke between 1671682 described his observations using a
compoundmicroscope in his bookicrographia,which included famous descriptions

and detailed drawings of h& 6 & S NIJI G A 2 y & pléhffcels{Z0je Degpite$hisS | Y R
early compoundmicroscops suffered from technical problems that reduced the
sharpness and quality of the imag@$. It was not until the late 19century, when Zeiss

and Abbe made rapid improvements with a m@iement lens systemusing optical

theory, that gptical mcroscopes auld be usedfor detailed studies of cellfor the first

time [1]. This formed the basis for the optical microscopes in use today.

1.2.1Thecompound microscope

A compound microscope is a mdkns system where a specimen is attached to a
microscope slidand is illuminatedvith an incoherent light source by focusing the light
through a condenser lenento the specimen. The light is then passed through the
objective lens which produces a magnified real image on the image pfanecular lens
(eyepiece) will magnify the inge further and form a virtual imagewhich is then
observal [3]. The objective lens is a crucial part of a micros¢cagsd canbe changedo

the desired NA and magnification. High NA objective lenses typically have numerical
apertures of approximately 1-:4.65 NA producing higher resolution images with a
magnificationof up to 100x. Objectives with a high NA require toilmenersedin a
medium between the objective lens andpecimen,typically using an oibased
immersion fluid.Converselylow NA and magnification lens are dry objectives i.e. the

objective requires no immersion fluid arde imaged in air[21]. lllumination is crucial



in optimising the performance adn opticalmicroscopeand the method of Koehler
illumination is the standard method of illumination in optical nowcopy, first
introduced by August KoehldR1]. In an opticalmicroscopethere are two sets of
conjugate planes, the image and aperture plgrmth of whichareshown inFigurel.2.
The imaggorming light paths include the field diaphragm, specimen plane,
intermediate image plane and the retind the eye ora detector [5]. The aperture
planes, which is the path of the illuminating light source planes, ingltide lamp
filament, the baclkfocd plane of the condenser, the back focal plane of the objective
lens, and the pupil of the eye which is also the location the Ramdigeof light[5]. By
precise alignment of the image and aperture plan€sghler illumination produces an
image that is evenly illuminated with anfocus image formedt the detecta or on the

retina[21], [22].

Conjugate Planes in the Optical Microscope

lllumination Ima?e Forming
Light path o ht Path
m
) Lens in
Plane Camera
System
A Image
—c L Plane
Eyepoint llmerm?_glate
A —u mage Plane
-5 T Eyepiece
{ ‘ @ 3 " E‘eplece
' Objective |
Reajr Focal Diaphram
{ Plane B
\'——Objective— I3
\Speclmen’ .
bt Slide g Specimen
- 2 Plane
: \ @ }' 4 — Substage
cxndense, Condenser
ESTy, APertire em——
\ Field
Diaphragm

Figurel.2- showsthe light path of the illumination and imagerming conjugate plane

in a microscope when setup for Koehler illuminafs.



1.2.2Enhancedcontrast techniques

Techniques have been developed to improve the image conteast allow for
observation of more cellular structurésan canbe observed irbright-field microscopy
[7]. Three techniques which are populare dark-field microscopy,phase contrast

microscopyand differential interference contrast microscopy.

Darkfield microscopy is a technique which a specirsatiuminatedat ahighangle such
that the direct nondiffracted rays are not collected by the objective lewgh onlythe
diffracted rays fromhe specimerbeing collected by thebjective lensAs a result, the
final image is produced by th#ffractedlight raysfrom the specimenThereforehhigher
contrast is produced in the final image which gives a ndetailedview ofthe specimers

fine structures e.g.lysosomes, bacterial flagella, diatastriae, and microtubule$21].

Phase contrast was first proposed by a Dutch physicistBr8sNY A 1 S [2B]yThem dho n Q &
principle of phase contrast microscopy is toapke a condenser annulus before the
O2yRSY&aSN) t Syad [AIKG Aa LI &daSR GKNRAZAK (F
light which propagates through the specimen will be diffracted and collected by the
objective lens. A phase plaigplacedn the bak focal plane of the objective lens, where

the diffracted lightis collectedin different regions of the phase plate from the ron

diffracted light, producing a furthes kpihase shift. The light waves of the diffracted and
non-diffracted raysinterfere atthe image planeTherefore the intensity changen the

final image is dependent on thdéifference inphase shiftintroducedby the specimen

[24].

Differential interference contrast microscopy (DIC) or Nomarski interference contrast
(NIC)microscopy, is a simple technique that uses a Nomarski setup as apivlaaser
The light enters the Wollaston prism and is separated into two rays that are polarised 90
degrees relative to each other. The lighthen transmittedhrough the specimewhere

the optical path lengths changedy the thickness and refractive index of the specimen.



The light enters the objective lens am& focusedonto the back focal planghere a
second Wollaston prism recombines the light paths. However, the lightatanterfere

as theyare not orientedin the sameplane. Thereforean analyser is placed above the
Wollaston prism before the eyepiece. Npthe light rays can interfere enhancing the
contrast of the imagg¢21], [25] In essence, the DIC microscopy measures the gradient
of the optical path difference with the largest optical path difference leading to the

darker regions in the final imag25].

Even with techniques that enhance image contrastch as phase contrast and DIC
microscopy which allow for subcellular structuresb® more easily identifiedthey are

still fundamentally limited. The nexignificantdevelopment waghe epi-fluorescence
microscope which allows for greater specificity in identifying cellular structures and

guantitativeimaging of biochemical processéds, [2].

1.3 Fluorescencenicroscopy

The first fundamental understanding of the phenomena of fluoresceva® described

in 1852 by G.G Stokg27]. The first fluorescence microscopeas developedetween
1911 and 1913 by Otto Heimstaedt and Heinrich Lehmann to observe the
autofluorescence in bacteria, anal, and plant tissues. In 1914, Stanislav Von Provazek
used fluorescence microscopy to study dye binding in fixed tissues and livin[28glls

It was not untilthe early 1940s when immunofluorescence was aleped by Albert
Coons a technique which allows for labelling with antibodies and fluorescent @obe
[29]. Nowadays it is possibleto label multiple different cellular structures with

fluorescent probeso generatehighlyspecificimages of cels[30].

1.3.1Fluorophores

Fluorescencemicroscopyis a technique that utilises fluorescent chemical compounds
(referred to as fluorophorg fluorescent dyesand fluorescent proteins and

autofluorescence, both of which fluoresce when illuminated with the correct excitation



wavelength of light. A light source, typically a mercury lahght emitting diodeor laser,
illuminates the sample d@he excitation wavelength of the fluorophore. Photons incident
on the fluorophore transfer energy to the electrons in the ground state. The absorbed
energy excites the electrons into higher orbitals. Electrons undergo a period of rapid non
radiative trangtion, which is known as th8tokesshift, before tansitioning back to the
ground state. Fluorescence occurs at the transition between an excited state and the
ground state, at which poiritght is emitted at a longer wavelength than tb&citation
wavelength. This process is showim the Jablonski diagram iRigure1.3. The shift in
wavelength between the excitation and emission peskeeferredto as a Stokes shift
[26].

S v
o Vi brati onalStRekleas
() Sl
c
- Absorptio /w\/\+FIuorescen
Emi ssion
S
A

Figurel.3 - A Jablonski diagram shows the molecules energy states during the ex
and emission of light in the fluorescence process. tB&at® is the ground state, tl

lowest energy stateS and Sare excited energy stat¢26].

The fundamental idea behind a fluorescence microscope is to studwestigate cells
using the desired fluorophores or autofluorescence. Autofluorescence is a natural
emission of light from biological substrates suchn@tochondria and lysosomd81],
typically within the visibleUV or near infraredrange when biological substrates are
excited with light of the correcéxcitationwavelength[32]. Green fluorescent protein
was first discovered in the 1960s by ShimomiB8]. By extracting the calcium
dependent bioluminescent protein frothe jellyfishAequoreaVictorig which was given

the name aequorin, it was observed during the isolation procedure the presence of a



second protein that emitted green lighThis proteinwent on to be known as green
fluorescent protein (GFH34]. Fluorescent proteins (FPs) variants have been created in
recent years which produce a wide range of excitation {899 nm) and emission (511

649 nm) wavelengthsand if carefullychosen can provide a rangé FPs for labelling of
multiple cellular features of interesf35]. Fluorescent proteins have enabled non
invasive imaging in living cells and organisms of reporter gene expression, protein

trafficking, and many dynamic biochemical sigria&.

Theapplication of fluorescent labelling has now been developed to label specific cellular
structures and processes with small organic dyes: Immunofluorescence utilises
antibodies which are chemically linked to a fluorophore and lablelith specific
antigens or proteing29]. For example, immunofluorescence is routinely used for the
imagingof microtubules irthe cytoplasmof a mammalian ce[B7]. Intracellular C# is

vital to many different physiological proces$88], [39]. Therefore the development of
fluorescent calcium indicatoas a method to quantify calcium releaisemportant and

has beenachieved by changingheir emission wavelength due to the binding of
intercellaur @lcium iong38], [40] Lipid and membrane dyesuch as D, can be used to
stain cytoplasm giving a uniform stain with low cytotoxi¢#¥], andthe cell nucleican

be stained usinglyes that attach to DNA such as DMR. As a result, thestainingof

the cell nuclei and internal cellular structuresll allow for clear differentiatiorbetween

cellular structures leading thigher specificity when imagirjg1].
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1.3.2Epifluorescencemicroscope

In epifluorescencemicroscopy,a specimenis illuminated usingan arc lamp light
emitting diodeor laser Thetypical setup is shown ifFigurel.4. Theexcitationlight is
passed through a filter cube with an excitation filter to select the correct excitation
wavelength fothe chosen fluorophore. The light is then reflected off a 45° dichroic beam
splitter and passed through the objective lens onto the specimen. When a specimen is
illuminated through the epifluorescence setup, the fluorophore is excited and emission
lightis emitted at a wavelengtdependent on the fluorophore. Both the emission light
and scattered excitation light is passed through the objective,lansl again back
through the filter cube. The emission ligist transmittedthrough the dichroic beam
splitter which reflects the shorter wavelengtio§the excitation light. An emission filter
allows only the emission light to be transmitted before it t@nobservedhrough either

the eyepiece or photodetectdR6], [43].

Although epi-fluorescencemicroscopy has become a standard in modern day cell
biology, it has several disadvantageSpifluorescence microscopy causes images to
produce outof-focus planes of light, this ultimately leads to images with a high amount
of fluorescent background, resulting in a fluorescent glow in the backgraunidh
reducesthe contrast of the finaimage[30]. A further constraintof epi-fluorescence
microscopy is the phenomenon of photobleaching, a process where a fluorescent
molecule loses its ability to emit light after being observed over an extepeedd of
time. Photobleaching ia photochenical process and results in irreversible damage to
the fluorescent molecule. Iepi-fluorescencemicroscopy photobleaching is not just
contained to infocus planes, but the owdf-focus planes will also be susceptible to
photobleaching. Therefore, photadching of the gecimenwill occur even when its

not being directly imaged9], [11].
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Figure 1.4- The layout of the excitation and emission light patbhs an upright al

epifluorescence microscop&3).

1.4 Confocalmicroscopy

Minsky first developed the caept behind confocal microscopy 1955. It is a simple

design that consists of an objective and a condenser lens with a pinhole aperture at

either side as shown irFigurel.5. After the development of the confocal microscope by

Minsky, very little intere&a i g1 & a K2 gy dzLJ dzy (thefrequirénientf | G S |
of bright light sources and theomputationalpower needed to handle #hlarge 3D data

sets [7]. However, since the development ofpi-fluorescencemicroscopy it was

apparent that emission from otf-focus planes of light was also being collected during

imaging led to poor depth discrimination. With the continual popularity epi
fluorescencamicroscopy, a technique was required that would eliminate the background
fluorescence present in the imagédie result was the development of the confocal laser

scanning microscop@CLSM)30].
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Figurel.5 - A simplified ray diagram of Minsky setup. A light source is passed throt
first pinhole aperture and a lens is used to focus the ray onto a specimen. Light
transmitted and focused using a second lens and passed through a spicbrade
aperture onto a screen. Ontie light which is in focus (solid line) will pass througt

aperture and outf-focus light (dashed line) is rejectéd.
1.4.1Confocallaserscanningmicroscope

In 1979,Brakenhoff and colleagues experimentally demonstrated a technique using a

CLSM that produces an improved resolution at FWHM of 1.25 times owgewtional

microscopy using high NA oil immersion objectives lef$4s¢ KSy Ay GKS wmdy r
early commercial viable CLSM were developed alongside one another. Firstly, a system
developed by Carlsson and Aslund in 1@84 and secondly a system by Amos, Fordham

and White in 198710], with the latter becoming the design of the standard CLS0/

The basic working setup of a CLSM sysiteshownin Figurel.6. A laser light source is
passedthrough a beamsplitter which filte's out any unwanted wavelengths of light,
leaving only the desired excitation wavelength. Two mirames placedn the aperture

plane whichscansa laser across the specimen in tiand Y direction. Laser scanning is
preferred over stage scanning, as stage scanning is slower due to the specimen needing
to be translated10]. Additionally, the movementfahe stage will cause motion of the
specimen affecting the image qualify]. The lightis then passethrough twolenses a

scanning lens which focuses the tighto the image plane and then through a tube lens.
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The light is transmitted through the microscope objective where fibcsisedonto the
sample exciting the fluorophore. The emitted fluorescent light is passed through a
microscope system back towardsettaser source. A primary chromabeam splitter
reflects the light through another lens, focusing the lighto a second chromatic beam
splitter. The beam diverges into separataths,and a long pass filter is placed to filter
out unwanted shorter wavengths oflight. A pinhole aperture stops any cwaf-focus

light from entering the photomultiplier tub@5].

EOCUS Chromat i
Steer e\n‘s Beamspl i

Mirhy 0 e |
Pri mary \ | g
Chromati ¢ l)\(/“rsfﬁ \ b\
Beams;kll1 = Pinh®hot omul
Longp
Filte
\ Scan —»>—— vy 's
Laser Mir:hr ~p h
Sour c ' nno
Tube_/'©
—
Objgf' - Photomult
|l ens I;I
Speci

Figurel.6- A schematic diagram of a general confocal laser scanning microscopy
whichshows a laser beam being guided by two scanning miriidie emission lighg
collected again througkhe optical arrangement of mirrors and beam splitters ottie

photomultiplier tubes

One advantage of the confocal systesthe factor of/ic improvementin boththe lateral

and axial resolution, although this is only a moderate enhancement of resolution over
conventional microscopf45]. The main advantage of ttmonfocalarrangement is the
improvement in the optical sectioning thicknd88]. The light from a lases focusedo

a spot called the beam waist, when moving avirayn the focal spot the bearbecomes

wider at either side gimg a characteristic hourglass shapeshown inFigurel.7a
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Therefore, the beam will have excited the fluorophores in the-aiufocus planes as
shown inFigurel.7b. If the beams focusedonto a pinhole in the aperture plane, the
out-of-focus light wil be blocked by the pinhole, producing a thin optical secitsi. As

a consequence, the pinhole size defines the thickness of the optical section, so a smaller
pinhole will allow less oubf-focus light to reach the detector andmoduce athinner

optical sectiorf47]. Moreover there is greatly enhanced contrast in thenfocalimages
whichallowsfor subcellular struttires to be clearer and limithe glow from the outof-

focus fluorescent planefl0]. Precise optical sectionirig combination with scanning
throughmultiple zdepths of a specimecan be usedo create aBDimage reconstruction

of the specimerj46].

Beam Wais4

Figurel.7- (a) The PSF of a laser beam in the planewhichshowsthe hourglass shaj
of the laser beam abowand below the focal point. (b)@hotographby Brad Amos whit
shows singlegphoton excitation (top) andwo-photon excitation (bottom). fe blue
arrow points to the excitation dafranin Oandshows the excitato of the outof-focus

planes caused by single photon excitation.

1.4.2Confocal Reflection Microscopy

Confocal reflection microscopy (CRM) is another method that is utilised in CLSM. CRM
focuses a laser spadnto the specimen, where the reflections from the specimen
featuresare passedhrough the confocal pinhole. Again, the eat-focus light is rejected

from above and below the focal plane just a€inSM21]. The advantage of CRM is that
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it can be used to image live cells and unstaispdcimens. Howevecare musbe taken
as specimens are still suscdpé to photodamage[48]. Imagingwith CRM offers
enhancedcontrast ovetbright-field anddark fieldmicroscopy techniquelgl8]. However,
CRM still does not offer the specificity of cellular structuhes fluorescence probes can

provide[48].
1.4.3Detection in CLSM

To produce an image in CLSM, the ability to detect and maximise the number of photons
that arrive at the detector that areonverted from photons ito an electronicsignal is
crucial[30]. Most of the photons whemmaging will be lost through the transmission
lossesof the optical components of the microscope system anddbatteredlight from

the specimen which will not be collected by the objective [gfjsPhotomultipler tubes

(PMT) are the most common detector in CLSM systems due to their performance in low
light levels and fast response tinjé]. Photomultiplier tubes absoriphotons at the
photocathode which in turn causes electrons to be ejected and multiplied through a
voltage gradient by a series of electrodes called dynodes which then produces a voltage

output signal49].

One of the main factorthat affectsthe photon efficiency at the detector is the quantum
efficiency (QE) i.e. the proportion of photons that arrive at the detector toatributes

to the output signal. Most modern PMTavea QE of around 30%. Moreover, the noise
level at the @tector alsoaffectsthe image qualitythis will includedark noise, which is
the thermal generation of electrons, and multiplicative noig§. Therefore, it is
important to reduce the source of external photons that can reach the detector and
optimise the collection of fluorescent photons at the detectBy. doing so, the signal
to-noise ratio can be improved resulting in higher image quality. Several waysathis ¢
be achieveds to either increase the pinhole aperture to allow more light to detector

or increasing the laser light incident on the specinizh).
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Lastly, in order to capture all the detail in an image the Nyquist criterion can be applied
which states that the sampling frequency must badsvthe highest signal frequency
[45]. Therefore, to capture the best imagie Nyquist criterion is applied and at least
two pixelsshouldspan the diagonal of the Aidisk Only the 100x objective lens meets
this Nyquist requirement, hence additional magnification is required for lower

magnification objective lensg49].

1.5 Totalinternal reflection fluorescenceMicroscopy

Total internal reflectiorfluorescencg TIRF) microscopy or evanescent wave microscopy

Ad I YSGK2R RSOSt2LISR F¥2NJ dzaS Ay OSft f dzf I NJ
[50]. Total internal reflection is a physical phenomenon that takes place vaHgynt

beam propagates through a medium of higher refractive indgxand at the boundary

with the medium of lower refractivey, then the critical anglek is given by,
Lo~ o
— AOAGQET (1.6)

If light is incident at an angle greater than the critical angle, then the light is totally
internally reflected. Although all the light is reflected, an electromagnetic evanescent
wave is present beyond the surface boundary. The evanescent wave willgatepa
parallel to the substrate and the intensity of the evanescent wave decays exponentially
[50]:

0 "OABB % (1.7)

where, z is the perpendicular distance from the substrate ahds the characteristic

decay depth which is given by:

Q — —— p (1.8)
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whereg, <is the wavelength of the incident light and the incident beam anglenih the

condition requiredthat d>dL.

There aretwo main types of TIRmicroscopy that have been developedne method,

uses a glass or quartz prism that can be hemispherical or ¢&08]c where a cell
substrate is placed in contact with the prism with a layer oinaihersionin-between A

lens focuses the laser beam on to a prism which corrects the bedheteritical angle
required for total internal reflection. The objective lens is placed below the specimen
where it is used to detect the fluorescence caused leydhianescent wave. The second
design utilises a high NA objective 1¢5%], and it is used in an effiiluorescence setup.
Using a high numerical aperture lens, typically above 1.45, angles of incidence above the
critical angle can be achievgd2]. The fluorescent emission caused by the evanescent
wave can then be detected back througtetbbjective lensandfiltering ofthe excitation

and emission wavelengthis doneby using the appropriate dichroic filters cubes. The
fluorescence outpuis dependent on the intensity of the evanescent wawljch drops

off exponentialy. Theefore, thefluorescence emission will drop off at the same rate.
TIREmicroscopy has a distih advantage oveepi-fluorescencamicroscopy, by allowing
FTEdz2NBAOSYyOS AYIFIAy3a 2F NBIA2ya ySIN GKS
[58]. However, TIRF does not offer improved lateral resolution and the axial resolution
enhancement is only ithin a limited range of approximately 100 nm above the cell
substrate[59].

TIREmicroscopy has been used to study cellular substrfi@$ one example used the
fluorescence emission drop off to magp the cell contact points atlistancesfrom the
substrate 0fL00-200 nm[53]. Additional studies couldbtain visualisation of the plasma
membranes near the cell substrate interface, a region which is typically obscueed i

fluorescencamicroscopy by oubf-focus light{52].
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1.6 Superresolution microscopy

Thus far the microscopy techniques discussed have been of diffrabtioted
resolution. In recent years, several methods have been developed to achieve-super
resolution such as stimulated emission depletion (STED) microgd8psnd structured
illumination microscopy (SIM»4]. Furthermore, other superesolution techniques rely

on the localisation ofsingle molecules. These methods include stochastic optical
reconstruction microscopy (STORND5], photoactivated localisation microscopy

(PALM)16] and fluorescent photoactivated localisation microscopy (FPLAK})

1.6.1Stimulated emission depletion microscopy

Stimulated emission depletiomicroscopy was first proposed in 1994 by Stefan Hell and
Jan WichmanifiL8] and then demonstrated experimentally by Stefan HEJ]. The basic
principle of STED microscopy is to have an excitdsiserand a second STED laser that
suppresses theemissionof the fluorophore at the edges of a diffraction limited spot of

a CLSM laser, by the process of stimulated emission. Stimulated emission is a,process
whereby photons with an energy that is the same as the energy gap betwegndbed

and excited statess depleted and em# light at the same wavelength as the incident

laser beani55].

To reduce the size of the pokspread function (PSR second laser (the STED laser)
overlaps with the excitation laser beam. The STED beam profile has zero intensity in the
centre, and a nonzero intensity around the edges (a toridal shaped beam) and the
wavelength is selected at the far edge of the emission spectrum of the fluorog8hre

[19]. With the combination of the excitation and STEB&am, the effective beam spot

size of the lasers reduced bythe stimulated emission process, whishpresseshe
spontaneous fluorescence emission process and only emits light at the wavelength of
the STED laser which is shown iruFad..8 [18]. The resolution of a STED microscope is

given by:
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where, Imaxis the power of the STED laser. If the intensity of the STED laser is increased
sothatlmallsThHbd KA & A YLIE AS&a GAYFAYAGISE NBaz2tdziazy
the laser power that carmbe generated and the laser power that can realistically be

applied to a specimen without causing photodamggg]. With theaddition of a second

STED bean8D STED can be achieved. The resolution is improved in the &eetiah

to approximately 150 nm and still obtain a 50 nm lateral resoluf8$j.

Excitation beam STED beam Effective spot size

Y

L;X
Figure1.8 - The beam profiles for the excitation, STED and effective Spes. E
overlappingthe STEDR 2 y dzi A Kl LISRQ 0 S Y, therd isiskedickc

in spot size that illuminatethe fluorophorg56].

1.6.2Structuralillumination microscopy

In the late 1990s &echnique was proposed called struced illumination microscopy
(SIM)[57], [58] The concept sesan effect called avoiré pattern. A moiré pattern
consists of two overlapping grids that have either a different mesh spacirggle,
resulting in an interference effect. Therefore, using the moiré pattern it is possible to
obtain information about the unknown structure the pattern that illuminates the
specimenis known.SIM istypically achieved by inserting a diffraction grating at the

conjugate plane and projecting through the objective lens onto the specimen. The lateral

20



resolution enhancement using SIM is an improwe¢d factor of two, to approximately

115 nm[58].

SIM has also been reported tdilise a non-linear illumination approach tgroducing
higher resolution imageb4]. Under intense illumination, the emission of a fluorescent
dye depends notlinearly on the intensity thait is being illuminated As a result, the
fluorescent emission will saturate, and the SIM intensity pattern now contains harmonics
of higher spatial frequencies than in the original SIM method. SSIM can achieve a lateral

resolution of <50 nnf54].

SIM has also been demonstrated to work 8 imagind59], [60] In this setupthree
illuminating laser beams are used: two beams illuminating in the laterank y)
direction and one in the axial (z) direction. Through this arrangement, provement

in axial resolution to 25350 nm can be achieved. Moreover, this has been extended to
imagewith high specificity staining of cell features whedlows formapping of cellular
structures. One such examplaanagedto simultaneously image the DNAuclear
lamina and the NPC epitopes of C2C12 cells WSIBD[60]. SIM is particularly
advantageous as it allows fBDmulti-colouredsuperresolutionimaging using standard
biological staining dyes and procedures, which other supsolution techniques do not

allow[2].

1.6.3Singlemoleculelocalisation

Single molecultocalisations a supeiresolution technique that utilises the principle that

a spatially isolated fluorophore position can be determined with a higher accuracy than
the width of the point spreadunction if enough photonsare collected[15]. Single
molecule localisation detection was first demonstratedin 1989 at liquid helium
temperatures[61], and later with fluorescence imaging witime-nanometreaccuracy
(FIONAJ62]. However, for this technique to be successful and imprag®lution the

molecules must not bén close proximity to one anothesr they become difficult to
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resolve[15]. Several techniques utilise an alternative approach by photoactivation and
photoswitching of fluorescennolecules: thesénclude FPALM, PALM and STORM, all of
whichwere introducedin 2006[15]¢[17].

STORM was first demonstrated using a-Cy3 dye pair as an optical switch, and more
recently using the Alexa Fluor 4@y5 and Cyalex Fluor 64763]. It has been
demonstratedthat the cyanine dye, cy5, can be switched to and fritsrfluorescent
bright and dark states reversibllyy using differentwavelengths ofight [15]. A series of
images are built up by selectively switchthe molecules onusing a green laseand

then switching the molecules offito their dark state, using a strong red lasgi5].
Whereas, PALM utilises Photoactivated fluorescent proteinsHiP?). For example,
PALM[16] uses Eodasedfluorescent proteils (EosFPmMEos, mEo92and FPALM uses
photoactivatable green fluorescent protein (f3*P]17]. In both the PALM methods, a
small number of molecules are activated using a laser at the activation wavelength of
the PAFPs and simultaneously imaged at the excitation wavelength. The imaging
continues uil the activated molecules are photobleached and the population of
inactivated andthe unbleached moleculesre depleted. Both PALM and STORM
reconstruct the final image by building up the fluorescent positions over the multiple
images acquired. The reswf the localisationof single molecules is that both these

methods can achieve a lateral resolution of approximateRb@0m[2].

ThreedimensionalSTORM haalsobeen reportedto improveresolutionby afactor of
10over the diffraction limit in both axial and lateral directions. One sxa@mplemaged

the microtubules of a B&-1 cell[64]. This was achieved by deliberately introducing an
astigmatism into the image by using a slightly cylindrical lens. Therefore, the PSF is
distorted in the lateral directiox andy directions depending on the depth of focus. By
fitting a Gaussian curve tohé¢ x and y PSF widthsthe z coordinates can be

unambiguously determinedMoreover, 3D imaging has been obtained usingdaal
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objectivelens approach in amterference PALMIPALM) technique, which produces an

axial resolution below 26m [65].

1.7 Interference microscopy

Interference is a phenomenon that occurs when two or mioeams oflight superpose.
The resultantamplitudeof the waveis dependent on the sum of each wave component
For exanple, ifthere aretwo waves with a relativé  LJKshiféi viith respect to one
another, the results idestructive interferencelf there is no phasshift, constructive

interferencewill take placg3], [5].

Interference reflection microscopy (IRM) is a technique whisbsthe basic principles
of interference. The idea was first use cell biologyoy Adam Curtis in 19646], as a
method to measure the gap betweea glass slide and the ced understand the
structure of the cell where it&d adhered to the substratéelhroughout the yeardRM
has been used to study a wide range of cellular procassgling cell adhesion and cell

motility [67].

When cells are grown on a coverslip there is a gap between the slide and the cells of
approximately 100-200 Angstroms[66]. Because of this gap, there is a reflection
between the media in the gap and the glass interface. Further reflections occur between
the cell membrane and the mediunthis results irither constructive or destructive
interference from the incident and reflected beamsgth an intensity that islependent

on the size of the gap between the cell and the glass substrate. If the cell is not in contact,
around 100 nm away from the substrate, it will appear bright as thelgaween the

cell and the glass is large enough that the reflected light will be in phase, thus

constructively interfere. Intermediatdistancesare greyin intensity valug67], [68].

1.7.1Standingwave microscopy

Standing wave (SWjvere first experimentally demonstrated by Wiener in 1§5)) and

have been utilised in interference microscopy by Lanni in 1886 ASWcan be created
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by the interference of ivo counterpropagating coherent light sources at the specimen
plane[12], [69Kk[71], or by reflecting the incident light off a mirror surfafEs], [14],
[72]. In the study by Bailey et al,favefold axial resolutionmprovement was obtained
over epifluorescence widefield and CLSM by opticalb-sectioning of fixed
disassociated actin stress fibres of IEs[14]. Another study by Lanni et §14] has
been shown in the fixed 3T3 fibroblast cells stained with rhodarahelledphalloidin
which allowed for theLamellato be imaged. This was because the leading edge of the
cell is very thin, thereforeemoving thecontribution from additioral anti-nodal planes

It was demonstratedthat optical section comparable to CLSMuld beachieved but
acquired atanacquisition timel0x fastethan CLSM.73]. Multi-planarSWmicroscopy
has been shown to contour map specimens, dras been shown in 3H#roblast
stained withrhodaminelabelledphalloidin[74]. Additionally, Amor et aJ72], showed
that the bottom concave surface of a red blood cell (RBC) adhered torar surface
imaged with a upright CLSMould reveal a precise contour map of the concave surface
withanl EAFf NBaztdziAzy 2F F dn yvYo

It has previously been shown thatSVcan be generated bthe detection of narrow
emission bandwidthswhere an axid dependentspectral signatureould be observed
[75]. Amor et al, demonstratedhat a modulated SW can be obtainedsing three
narrow emission detection channeigshichcreated aunique beating pattern dependent
on the stokes shift betweerthe excitation and the emission wavelengths[72].
Lambacher edl., noted that thebeating effect was due to the presence of the excitation
and emission SW6], [77] | have given a short overview of SW microscopy herel but

will expand ordetails of theSWiiterature in the upcoming Chapters

1.8 Image processing techniques

The presence of noise due to the detector was briefly outlined in sectid.3. 1 is
desirable to remove shot noisgvhich iscaptured during themage acquisitioprocess

However, it is possible to use image processing tools to remove any noise present with
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an image. Three common techniguesedare mean, Gaussian and madifilters[78].
Each filter involves am by n mask which isonvolved over each pixel in an imaayedis
set to the value that depends on theperation over the mask regioA mean filter
involvesa simple mask that determingése mean valuef the total pixek of the mask.A
Gaussian blur filteis aGaussiarweighted mean filter with a matriwhichis convolved
along each pixel of the imag&aussiarfilters are advantageous as weighted to the
central pixe] thus limiting theeffect ofintensity pixels further away79]. Furthermore,
Gaussian filterare better suited atremoving high frequency noise over low frequency
noisethan mean filterd80]. Median filters are typically better atbund filters and are
particularly suited for shot noisevith much better preservation of edge details

However,they are slower than mean and Gaussi@ters [78].

Image intensity thresholding is a segmentation technique which separates an image
based on an intensity cut off value i.e. threshold value. This is often a popular choice in
microscopy for thepurpose of segmenting cells, particularly when the difference
between the intensity of the cell and the backgrourslwell separated[81]. Two
standard methods are utilised; global thresholding where one threshold value is used as
the intensity cut off such as the Otsu meth{82], or local thresholdingvhere a small

local threshold intensityalueis calculated overm small mask o by n pixelsof the
image whichs used to determininghe intensity cut off83]¢[85]. Local thresholding is
best suited when the image intensitf the objects which require to be segmented are
not homogenous over the whole imagjé8], [83], [84] | will present more detail about

the computational techniques used ithapters2 and 3and how theywere implemented

for data extracton of multiplanarSWimages.

1.9 Red blood ells

Adult mammalian red blood celllRBC)are a type of cell which lacks nucleus,
mitochondria and other organelleBed blood cells have a characteristic biconcave shape

that permits increased manoeuvrability and faster diffusion of oxygen and carbon
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dioxide across the plasma membrajig. Diseasesuch assickle cell anaemig87], [88],
hereditary spherocytosj87], [89] elliptocytosid87] and plasmodium infected red blood
cells IRBC)90], [91] all have been associateavith morphology changes in thRBC
membrane A flickering phenomenoinas beerobserved irRBOnembraneswhich has
beendocumented as early as 18982]. Thermal processes or dynamic remodelling of
the cytoskeleton and active membrane mechanisms was suggested asofisilp
processcaused the flickering motiof®3]¢[95]. Many imaging modalities have been used
extensivdy for the study of RB@orphology[96]¢[98], such as quantitative phase

imaging or differentialriterference contrast microscod®9]¢[101].

In the folowing Chapters, | will discuss the work carried out using midtiar SW
microscopy to create contour maps of modehs specimesy RBG& and MCF/s. | will
present computational methods to model the SW techniques usezhd extract3D

information encoded ithe SWimages

In Chapter 2, | present a 2D reconstruction method which was used to extraehadél
planes information. | licharacterise the 2D methagsinga modellens specimen. Then
| apply it to both healthy and unhealthy RBC and observe theohwogical difference

in the RBC membrane

In Chapter 3,1 demonstratethe development of 8D reconstructiormethod of2D SW
datacapturedusing a widefielepi-fluorescencamicroscopeover 1000 framesat video-
rate (30.30 Hz)Two-dimensionainformation is extracted fromhe SW RBC images and
by assiging axial height information, 8D reconstruction was generated of the bottom

concavesurface of a RBC.

In Chapter 4, | present TartanSW mudtxcitation and multemission techniquesnd
include a mathematical model which is simulated for boflartanSW methods
Experimental model lens specimen datgpresentedand imaged using threelifferent
reflective substrates to characterise thBartanSWmethods. This was extended to
TartanSW imaging of RBind MCF/s. Finally, DifferencBW (DiffSW) was applied to
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TartanSWmulti-excitation images and theimulated and experimental data were used
to characterisethe method which was then finally applied to MZH artanSW mulki

excitation data set

In Chapter 5, | presenta method for the reconstruction of TartanSW muiicitation
images by using the phase difference betweach of theexcitation wavelengths. | will
show the theoretical approach and how phasagles wereextracted from a 2D
projection ofthe SW structure using a Hilbert transform. This was simulated fadial
profile and 2D image of enodel lens specimen. It was also shown that tHithert
transform introduces oscillatianin the extracted phase angles, wheweamparisonof
the extracted phase angles from the simulated data sets were obtaimécand without
a Hilbert transform. Lastly, the phase difference reconstruction methasl appliedo a

line intensity data of an experimental SW lens specimen image

Chapter 6 is alsnmary of the work present in the thesis, along with a description of

possiblefuture work
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Chapter 2

Development of a computational
method to extract two-dimensional
iInformation from standing wave images

of red blood cells
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In this chapter, | discusSW excitation ofluorescentlylabelled specimens which were
imagedusing an upright CLSMY simply placing a plane reflector below the specimen
Fluorescent anthodal fringes fromthe model lens specimens and red blood cells GRBC
serve as precise contour mapghich revealed3D geometricalinformation. Then |
compared the ability of SW mulplanar microscopy foithe contour mappingof
morphological differences in healthy ampfasmodium bergheinfected RBC. Finally, |
characterisd and demonstrated a computational method usitige Gaussian blur
imgaussfitand intensity thresholdingdaptthreshMATLAB functionsvhich wereused

to extract boththe positional and intensity informatiqgrto create a2D reconstructions

for both the modé lens specimen and RBCs ds¢ds.

2.1 Introduction

The aimof this workwas to utilise multplanar contour mapping of RBC specimens for
both healthy and unhealthy cells and compare the ability of SW microscopy to capture
morphological differences within the RBC cell membrahéditionally, to developa
computational method which used noise filtering and intendityesholding based
segmentationtechniques to extract the2D positional X, y) data along with their
corresponding pixel intensitiest was an important first stepo develop a method to
reliably extract the 2D informatiofitom the SW images before 3D information could be
extracted The computational methodvas characterised using a model lens specimen

and then applied tahe SW images of healthy and infected RBCs.
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2.1.1Standing wave Microscopy

Standing waves, also known as stationary waves, were named as such because they
appear tobe stationary; the position of the maximum displacement (antides) and
regions of minimal displacement (nodes) are at fixed points in space (Figure 2.1). In a
stationary medium, there are two methods whiclan form aSW. Firstly, two counter
propagatingwaves interfere with one another, or secondly an incoming light wave is
incident onto a plane reflectowhere the incident and reflected components interfere

to create a SW3], [5].

Anti-nodes Anti-nodes Anti-nodes Anti-nodes

nodes nodes nodes nodes
Figure2.1- Standing wae formation due to reflection frona mirrored surface. Tl
incoming wave (blue) reflectsff the mirrorscausing a phaseshift, as show in rec
wave Ths results ina standing wave where at the mirrors surface thers zerc
displacement with each subsequent node occuranbalf wavelength intervals. Poir
of maximum displacement aranti-nodes the first antinode occus at a quartel
wavelength from the mirrored surface, and agaihsubsequent arinodes arespace!

at half wavelength intervals.
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Standing waves were first experimentally demonstrated by Wienerin 90 2 A Sy SN &
experimental arrangement to detect SWomprisedof a glass platevhichwas inclined

at an angle to normal incidencand a plane mirror which was illuminated at normal
incidence (Figure 2.2). The glass plate was coated with a photographic film which was
roughly 1/20 of awavelengththick. The photographic film blackened at the regions
where the antinodal planes intersected thdilm but were transparent at the nodal
points. Moreover, the regions of blackeniogrrespondedo the electric fieldof the anti-

nodal planes. Therefore, # photochemical process was dictated by the electric field
vectors and not the magnetic field vectofs]. Subsequent SW experiments, one by
Drude with fluorescent films and another being Ives using phetassive filmg102],

again showed theesponse was caused by the electric field veabthe antinodal

planes

AR E1HEEEEEETHEEENEEHHEEEERRRENERANNNNNNY

Figure2.2 ¢ Wienef éxperimental setup for detecting the presenceSbvYanti-noda
planes. Where theanti-nodal planes intersect the photographic film, themas a
blackening of the film. Blue lines show the incoming light and the red lines ¢

reflected light from the mirrof5].

Standing wave microscopy is a method of interference microscopy whash first
describedn 1986[13]. In an approach by Bailey dt,alemonstrated SW microscopy by

using aplanereflector beyond the specimems shown in Figure 2a3By propagating a
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Gaussian laser beam through an oil immersbjective lens and the specimethge light

is reflected normal to the surface of the reflectand interference occurs creating a SW
of light parallel to the focal planeThe most conventional method to create SW
interference is to use a 4pi geometry arrangement. In the 4pi setup, ikghassed
through a beam splitter where the excitation light is separated two different optical
paths.For theillumination ofa specimen at normal incidence, light is collimated by each
of the opposing objective lees As a result, two countgoropagating coherent light
sources interfere at the specimen plarjg2], [69]as shown in Figure 2.3 the study

by Baileyet al, optical suksectioning of fixed disassociated actin stress fibres of 3T3
fibroblast cells was demonstrated using both setujes a reflector beyond the specimen
and a duabeam SW imaginfi4]. As theSW intersects the specimen at the nodal and
anti-nodal planes, fluorescence wilbe emitted at the anti-nodal planes and no
fluorescent emission occurs at the nodal planes. Using thea®&vgementa fivefold
axial resolutionmprovement wabtainedover conventionafluorescencamicroscopy
and CLSNu4].
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Tube lens
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filter
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Figure 2.3 ¢ A schematic diagram of the two methodsed to create a SW ia
microscope setupdapted from Lanni et al . The blue lines show the excitation ¢
path and the red lines show the emission optical pa}i reflective substrate was plé
below the specimen in an upright setup and SW weasdd, asshown inFigure2.2. b
A 4pi geometry setup with two oater propagating waves ém opposing objecti
lenses, wherg¢he light interferes to create a SW. A specimen would be placed be

each ofthe objective lenses.
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The intensity of the SW field for two countpropagating plane waves that interfere

along the optical axis proportional to[14]:

Q] P (:)E b(} %0 OHO
where, 1 ' andyisthe wavelength of the excitation light,isthe refractive index
of the immersion mediunmz isthe axial height and isthe shift in phaseelative tothe
specimenlf a beam of light is at normal incidence to the reflective substrate, or if two

counterpropagating waves are propagating 286lative to one another,te axialanti-

nodalspacingsgiven as:

Xl e OH D
CE

where, againg-is the wavelength of the excitation light and n is the refractive index of
the immersion mediaThe resolution of SW microscopgnthen be estimated as half

the nodal spacing andgiven as< Kk n y

It has been demonstrated that SW microscopy was not only a mettaid¢ould improve
axial resolution, but could simultanedysobtain geometric information through the
illumination of mutiple axial plane$72], [103] In a recent study by Amor et @I'2], the
principle was demonstratedby coating the curved surface of a placonvex lens
specmen witha ATT(b32fluorescentdye. Images were captured using an upright CLSM
setup with the simple addition of a mirror below the specimen. This was carried out on
an uprightmicroscopeto allow the specimen to sitioontactwith the mirrored surface.
The result was a concentric pattern of ahating bright and dark fringes caused by the
SWplanesintersecting the lens specimeat intervals ofai2n. It was shownthat the
radial intensity of the fluorescent output of the concentric fringe patt could beused

to create a3D reconstruction of the plana@onvex lens. It should be notatiat the
accuracy of the location of the antpbdal planeds mesured as thickness of the plane
i.e. the FWHM, which is define< knrThesefore, the FWHM is ammportant measure

of accuracy. This is because, if wensider the location of an objeabr structure
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fluorescingwithin a SWanti-nodal plane the axial heipt of that object or structurecan
be determined based on the number of ambdal planes thahaveoccured from the
mirrors surface. However, the accuracy of the axial height can only be determined with

the axialthickness (FWHM)f < knf the anti-nodal plane.

The multiplanar SW principlevas extendedo the application of biologicatamples,
specificalyRBC$72]. The RBGsere stained separately with DIDiO and Dil(sgndeach
placed onto separate mirror8y doing so, details such as thieconcave section of the
RBC culd be resolveddue to themultiple fluorescentSWplanes generatedby the SW
excitationpattern. Using different fluorescents dyes at different excitation wavelesgth
was advantageous, as Dias anexcitation peak at 488 nrwhich results in araxial
resolutionof ¥ dpa In goNiparison, wittDil an axial resolutiorof £ ™M n goulg bé
obtained at a 543 nm excitatioThus, DiO allows fanimprovedaxialresolution due
to the shift towards a shorteexcitation wavelengthin comparisonwhen the RBOsere
adhered to amicroscope slide only the outline of the RB@uld be observedthus
showing no additional information about the RBC structifi2]. Therefore, ly utilising
GKS {2 LI} G4SNy jadditdnalaxialdh@engtioreadoNithRBQy@@metry
could be obtainedaswas demonstratedby the SW imaging othe plancconvex lens

specimen.

The multiplanar SW technique allowed for the observation of fine details in the 3D
structure of a specimen whicleould not be observed when a conventionapi
fluorescencewidefield or CLSM setup was used. In the resultant SW image, the anti
nodal planescontain the 3D information which was encoded in a 2D image 2D
information was required to be extracted. However, extracting the relevant information
was not trivial, as these features need to be well separated either spatially or by intensity
[78]. Despite this, technigues to overcome difficulties in extractivegrelevant data do
exist. The first step as discussedin this chapter,was to extract the anthodal

information from the 2D projections. The muilanar SW data whigbrovided acontour

35



map of the & LJS O A sir&etar@ Bas inherent advantages: Namely, that the specimens
discussed in this Chapter have a concentric ring pattern, with each concentric ring
corresponding to a different axial location. And more importantly tfee propose of
segmentation the varying intensity of bright and dark concentric rings gave a basis t
extract the information byusingthe SW intensity profileFirstly, thecomputational
method usednoise filtering to remove much of the inherenbisefluctuations and &

only the underlying SW signal. Then by using an intensity segmentation, such as local or
global threshold, it \as thenpossible to extract the antiodal information For instance

the 2D pixel positional (X, y) data along with their copagding intensity This was firstly
characterised using a model lens specimen and thasapplied to the SW images of

healthy and infected RBCs.
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2.2 Experimental Methods

2.2.1Fluorescently coated lens specimens

Uncoated silicgplano-convex lenses, with a focal length of 48 mm and 72 mm with
diameter of 6 mm (Edmund Optics), were cleaned using deionized water and then blow
dried with compressed air to remove any contaminants. The lens preparation protocol
described by Amor et alvas amended by replacing the APTMS coating with a solution
of 0.01% mass concentration pedlylysine in HO (Sigma Aldrich) to allow the binding of
1,1-Dioctadecy3,3,3',3-Tetramethylindocarbocyanine Perchlorate (Dil) to the lens

surface. The specimemsd polyL-lysine solution were placed on a platform rocker for

Figure2.4 ¢ The multiplanar SW images from Amor et @l2]. a) A SW image of a plad
convex fluorescently coated lens specimen. b) A SW image of a fluonetdszited RB
Scale bar 5 pm. It was observed that the radial projection of the 3D geomet
encoded in a 2D image. The bright regions corresponded to the@uofel planes an

dark regions correspond to nodal planes.
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45 - 60 minutes to evenly coat the curved surface of the lenses in the solution, after

which the lenses were thoroughly washed in deionise® &hd blow dried.

A fluorescent layer was apptlg¢o the lens specimen in order to compare the theoretical

and experimental SWamff 2 R f &aLJ OAy3IQa yR C2la Ay GKS
in the work of Amor et dI72]. To deposit a monolayer of Dil on the curved surface of the

f Sya aLISOAYSYyI | on >a az2fdziazy 61 & LINBLI
solution of Dil (Invitrogen) in 20 ml of dimethyl sulfoxide (DMSO) (Sigma Aldrich, UK).

| coated the lens specimen with Dithich was also used to label the RBCs and has been
used extensively in RBC membrane studifed, [104], [105] Specimens were 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 it is reported

to not cause toxicity to the specimdh06]¢[108].

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 photedamage to the dye during this period. The following day the
specimens were washed three times in deionized water, then dried using compressed

air and kept out of direct light until imaging.

2.2.2Red blood cell isolation and staining

Blood pecimens were obtained on the day of the experiments by cardiac puncture of a

single mouse, which was rendered unconscious throughe&gbsure, and the collected

blood was immediately mixed in 1 ml centrifuge tubes (Star Labs) with acid citrate
dextrose (ACD), an artdoagulant. The ACD comprised of 1.32 g trisodium citrate (Fisher
Scientific), 0.48g citric acid (Arcos Organics) and 1.40 g dextrose (Fisher Scientific) and
was made up in 100 ml of distilled water. Cardiac punctures were performed by technical
alFFTFT FNRY GKS ' yAOGSNEAGE 2F {GNY GKOf eRSQz
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UK Home Office guidelines and approved by the University of Strathclyde Ethics

Canmittee.

For the study of infected red cells (IRBC), mice were infected witH&ggedP. berghei
and treated withphenylhydrazine (PhzBlood was obtained through cardiac puncture
at the schizont stagandfurther enriched magneticallio produce highe parasitaemia

by Dr Katie Hughes at University of Glasda@9].

The method which was used to isolate and stain both the iIRBC and RBC has been adapted
from the protocol described by Amor et @2]. The mouse blood andCD 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 phesphate
buffered saline (PBS) (Gibco). This process was repeated another three diroely &

suspension of RBCs remained.

Red blood cells were fluorescently labelled by adding 200 pL of the RBC suspension to

790 pL 4% BSA in PBS along with 10 pL of a 1 mg/mL stock solution of Dil. The solution

gl & GKSY Ay Odzo |l G SR lisi being gertly shakeh Mlersure eVeh v dzii S
distribution of the dye. After this, they were 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
cleanedin ethanol (purity > 99.8 %, Sigma). Then to promote specimen adhesion to the
mirrors they were coated with a solution 0.1% mass concentration-pbjgine (Sigma)

YR Ay Odzo I G S R 60minutes whilst being gemtly racked. The preparation
was washed with PBS and sterilised using UV light. 5 pL of the RBC suspension was
pipetted onto the mirrors under a coverslip (VWR, thickness = 1.5) 10 minutes prior to

imaging.
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2.2.3Standing wave confocal laser scanning microscopy imaging

of fluorescent specimens

Standing wave CLSM was carried out on the specimens using a Leica SP5 DM6000 CLSM.
An argon laser provided the 488 nm and 514exuitation wavelengths andtdeNe laser
provided the 543 nm excitation source. Fluorescence emission was collected by a Leica
SP® spectral detector. SW images were obtained by placing a specimen which was either
in contact or adhered to a mirrored surface below the objective lens, as shown in the

configuration of the setup in Figure 2.5

The model lens specimen images were aggpiusing a HCX PL APO CS 10.0x0.40 DRY
UV objective lens, with an image size of 2048 x 2048 with a line average of 3 applied to

the image to reduce the noise present in the imagescan speed of 100 hwas used

Imaging of the healthy RBCs was conducted using a HCX PL FLUOTAR 100.0x1.30 oil
objective lens objective lens. Images were captured at a 543 nm excitation wavelength
with detection at 555655 nm. For imaging of the IRBC, an excitation wavelength
illumination was provided at 543 nm with a HCX PL FLUOTAR 100.0x1.30 oil objective
lens. Fluorescent emission was detected between-B60 nm. The GFP expression
parasite images were obtained using an excitation from a 488 nm argon laser and
emission detection at 3B540 nm. Infected red blood cells were imaged at slower scan
speed of 100 Hz to allow for longer pixel dwell time, the imageveaseeducedto 1024

x 1024pixelsas not to increase the overall scan speed of the image acquisition. As a
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result, a similarsignatto-noise couldbe obtained without compromisingthe image

quality.
> Scanning
Laser Source

> mirrors
Scan lens
Tube lens

Pinholes
| < Acoustic-optical
PMT 2 | < beam-splitter
Leica SP®

spectral detector Objective lens

Specime _ Mirror

Figure2.5 ¢ Schemat diagram of experimental setuy the Leica SP5 DM60QDLSN
The excitation(blue) lightreflects of a dichroic mirror which waslocated at the
specimen planefo generate aSW due to interference The SW of light causd
fluorescence emissidined), whereSWanti-nodesintersected the specimemasthen
propagated upwards through the lens and was separated using a ISH@& spect

detector. The fluorescence signal was then detected by a. PMT

2.2.4lmage preprocessing

The purpose of image pigrocessing wat crop and linearly contrast adjuite image
before beingmportedinto MATLAB to produce tHzZDreconstruction. The images were

opened inFIJI[110], as a .TIFF format and each imaggescropped to contain only the
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RBC of interest. To improve the contrast of the lens specimen and RBC SW images, the
contrast and brigtness was adjusted linearly FiJl This helped differentiate between

the antinodal and nodal planes before the images were import into MATLAB.
2.2.5Gaussian blur

The SW images had high frequency noise present. As a result, it made it difficult to
process tle SWimages using the intensity thresholding techniques. Therefore, it was
desirable to remove as much of the high frequency noise components from the image.
This was achieved by application of a Gaussian blur. A GaussiareBlused as a low
pass filterto remove the high frequency noise componentsilst preserving the
characteristic low frequency antiodal and nodal interference pattern of the SW2B

Gaussian bluis given as:

Oy -0 6 H e
c n”

where " is the standard deviation of the Gaussian functionis the distance from the
origin in the vertical axisy is the direction from the origin in the horizontal axis. In
practice, | used MATL&Bmgaussfitfunction, which applied a Gaussian blur to the
normdised contrast adjusted SW images. Before application of the Gaussian blur, the
images were read into MATLAB usingitnesadfunction. A Gaussian blur with standard
deviation (std. dev.) values of O 1, 2, 3, 4, 5, 10 and 20 were applied to the lens
specimenimage To compare the effectiveness of the noise reduction for each std, dev.
a Gaussian bluwas applied to the SW imageand the signailto-noise ratio was

calculated using:

Y6 Y —— (2.4)

where, UsignaliS the mean of the signal antignalis the standard deviation of the signal.
In practice, due to the sinusoidal nature of the sigofithe radial line plot, i mean

valuewas calculated over the whole signal, the signal structure would beageedrout.
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Thus,alocal mean was selected as it should retasnmuch othe underlying structure

of the signal. This was achieved by utilising a local moving average and stdiittethe
moving average calculated over a 21 pixel range for each psiag themovmeanand
movstdfunctionsin MATLAB. The result of theovmean(usigna) andY 2 @ & dgk) was®
then used to calculate the signta-noisefor each pixelising Eqn. 2.4 astly, thesignat
to-noisefor the imagewas calculatedby taking themean value of the signab-noise
ratio foreach pixe(Script Appendix Y his was repeated for every Gaussian blur std. dev

value applied to the image.
2.2.6 Intensity Thresholding

Intensity thresholding was used to extract tB&/anti-nodal plansin the SW image. A
global threshold technique called the Otsu methweds applied to thé = 48 mm single
colour lens specimerBW image by using the@reythreshfunction. A range oflocal
adaptive intensitythreshold values were appliedto SW imagessingthe inbuiltfunction
adapthreshin MATLABThis technique ugka mean local intensity threshold which was
based on the Bradley techniqyi&4], an extension of the Wellners Methd83]. These
methods se a local mearto determine the threshold valuevhere the mean value is
calculatedover a m x n pixel kernelin the image The advantage of local intensity
thresholding was that thethreshold valueset was dependent on the local pixel
neighbourhoodvalue Specifically, this technique utilised a kernel which moves around
the surrounding image and calculated the local meatue If the pixel value was less
than the local mean thresholid was set to black (0), if it was greater than the threshold
value it was set to white (1)T'he globalOtsu threshold was compared witla local
threshold over a range of values from 0.5 to @®ich wasapplied in increments of 0,1
and between 0.5%.65 which was appliedh the increments of 0.01The kernel (filter)
size selecteavasthe largestpixeldistance between an antiodal and nodal plane in the
SW images. This reduced the likelihood of under segmenting the S\Woalati planes in

the SW imageA comparison of the experimental threshold data to a ground truth was
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determined using a simulated 2&ns specimen. To simulate the leagrioriknowledge
of the lens specimen geometry was utilised, given that a hemisphengdcbe

understood as shown in Figure 2.6.

r z

\4

Figure2.6 ¢ A diagram which show#é lens specimen geometry. The red lines repr

the geometry for thdens and how the radial distance (r) and height from the mirr
at any point along the surface of the mirror relates to the radius of curvature of tr

specimen.

PAAY 3 tedKFI2N)F 4Qa (KS2NB Yvasrélake§to thd hRightdza 2 F
from the mirror and the radial distance at which that pootdcurredand wasgiven by
[72]:

Y i Y o a H dp O
where Rwas the radius of curvature was the radial distance armdvasthe axial height

above the mirror. From this expression, | rearranged Eqn. 2.5 andidolvz thus giving

a Y UY i (2.6)

Now using the known | substitute Eqn. 2.3 into Eqn. 2.1 for the axial heighthtms
gives us a representation of the spherical intensity pattern of the simulated lens

specimen, thus giving:

o p ATQY wny i (2.7)
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Applying a scaling factor for the pixels per micron, data points were generated for eight
SW antinodal peaks whickallowed for the direct comparisobhetweenthe simulated

and the experimental data sets. Thsimulated threshold image wascreated by
determining allthe data points with a normalised intensity lua of less than 0,5and
setting them to0 intensity, as they corresporet to nodal planes. Nexall normalised
AyiSyariae @It dzsintensity matde ol .4 BeNtke pérceniagdieBveen

the total number ofthreshold pixelswvith a value Icompared with thetotal number of
pixelsof the simulated data set wabken calculated. For experimental data sets, SW lens
specimen images were imported into MATLARJ the thresholding procedurevas
applied andthe total number of pixels in an image was calculatégain,the total
number of pixelsvith avalue 1 in an image was calculated as a percentage of the total
number ofpixelsin an experimental SW lens imagehe percentage valuesgere then
compared between the experimental threshold images and the simulated theoretical

lens specimen to quantify the accuracy of the threshold procedure.

2.2.7Two-dimensional singlecolour reconstruction

To create a single colour 2D reconstruction of the lensispen and RBC SW image
(Algorithm shown in Appendix lihe preprocessed images were cropped and contrast
adjusted usingFlJland read into MATLAB using thearead function. Thex and y
coordinates of each pixabere stored in two matrices and calibrated using the image
scale. The image intensities were normalised between 0 and 1. A Gaussian blur was
applied using themgaussfitfunction and an intensity threshold was applied using the
adaptthresfunction. The threshal image was compared to the raw SW image to extract
the correct intensity values andandy coordinates for each pixel within the threshold
anti-nodal plane. The intensity values and thandy coordinate values were translated

into vectors and plotted sing theimshowfunction which created an image of the 2D
reconstruction. The procedure of the 2D reconstruction steps was shown below in Figure

2.8.
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Figure2.7 ¢ A flowchart of the key steps to create a 2D reconstruction of the
specimen and the RBC and iRBC SW images. The MATLAB functions used ar

red.
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2.3 Results

2.3.1Pre-processing and Gaussian blur application to lens

specimen

A SW image wasaptured for a fluorescently coatdd= 48 mm model lens specimen at

an excitation wavelength of 543 nnwith the fluorescent emission wavelengths
captured between 55&50 nm. Firstly,HJl was used to ihearly adjust both the
brightness and contrast of the lens specimen images. A concentric ring pattern was
observed in Figure 2.8a, whettee bright fringes corresponded to the regions where the
excitation SW intersected the specimemdas a resulgjenerated fluorescent emission.
The concentric ring pattern varigoeriodicallyacross the field of the 2D imagand
increased at distances farther away from the tenof the lens. An intensitplot of a
single pixel thick linevas shown in Figure 2081 observed a sinusoidal profile of the
normalised fluorescence intensity of the SW lens specimen. Note the noise present in
the SW profile in Figure 2.8b
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Figure2.8¢ a) Dil labelled f = 48 mm lens specimen with a concentric ring pattern
the axial antinodal planes intersect the lens specimen. b) A radial plot of -giseéthicl
line through the specimen i.e. the red line. | observed the oscillpéitigrn due to th:
SW.
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Because of the presence of random noise in the SW images, a Gaussian blur was applied
with MATLABs&nNgaussfitfunction to the raw images witktd. dev.values of =0, 510

and 20. In Figure 2.9a, the effect of the increased std. dev. resulted in greater smoothing
of the imageswhen a higher was applied. Consequently, at very highvalues the
blurring effect becomes more dominate in the image, particularly at the edge of the
image. Nextthe radial intensity profiles were extracted from the centre of the image to
the farleft hand side of the image (which was shown with the red line overlay in Figure
2.9a) and plotted as radial distance against normalised intensity. The intensity profiles in
Figure 2.9b, for eachi values showed a characteristic oscillation with high frequency
noise being removed ai = 5, 10 and 20 values. However, at values ef10 and 20,
attenuation of the fluorescent signal occurred at larger radial distances. This was
particulaly evident atli = 2Q where the attenuation became more prominent in the
centre of the image. This resulted in only three distinct peakth the signal levelling

off at higher radial distances i.at the edges of the SW imagehich led to los in SW

structure.
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Figure2.9 - Application of a Gaussian blur with varying standard deviation to tt

stained lens specimens SW images. apr'b)” 5[c) 10, d) 2D. e) A radial pl¢

of the lens specimen for each of th&aussian blur applied are shown il
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Next, a smaller range of std. dev. values betwéen 0 to 5 in increments of 1, were
applied to the SW image, as was shown in Figure 2.10. Whewaue of = was
incrementallyincreased, there was a reduction in high frequency noise which resulted in
a smoother signakith slight attenuation. In other wals, much of the noise components

wereremoved leaving only the characteristic sinusoidal SW profile.
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Figure 2.10 A Gaussian blur applied to the f = 48 mm lens specimen betweef to !
in increments of 1. The application of increased std. dev. gradually reduced the

noise in the SW signal, but with the effect of attenuatuion to the SW signal.

Now, to compare the signab-noise ratio, Eqn. 2.4 was used to calcultte signaito-
noisefor eachl value applied to the SW imader each of thecorrespondingradial
intensity profiles (Figure 2.9e and Figure 2)10n table 2.1, the sign&b-noise ratio was
calculated over the full range dfvalues with al7x increase in signéb-noise over the
full range, but at the expense of the SW structur®wever, over the optimisedl= 0 to
5 range, a 3x increase sigitatnoise was repded without significant loss tthe overall

SW structure.
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Table2.1-Table of the signao-noise ratio calculated fd8  OK DI dzaaA 'y o6 f dzNJ

applied to the preprocessed lens specimen SW specimen images.

Std. Dev. Signalto-noise
Standard error

() ratio

0 2.86 +0.07
1 4.75 +0.18
2 6.36 +0.32
3 7.54 +0.48
4 8.21 +0.54
5 8.85 +0.57
10 13.60 +0.85
20 48.93 +2.56

2.3.20ptimising the thresholdingisingSW lens specimen
images

Intensity thresholding was used to separate the nodal andandial planesThe raw SW

f = 48 mmlens specimen had a Gaussian blur ef 5 applied. To characterise the local
mean threshal, sensitivity values which ranged from 0.60.90 in increments of 0.1
were applied to the imagand comparedvith Otsu global threshold. Figure 2d4hows

the global threshold applied to the SW image. The resultant global threshold images
captured venyittle of the antinodal planes, particularly in regions away from the centre
of the image. Conversely, the application of a local threshold captured much of the anti
nodal planes as the threshold sensitivity applied was increased (Figurefpdvar a

filter size of 51 by 51 pixeldn addition, all the local threshold images showed the
characteristic radial antnodal pattern comparable to the SW image captured in Figure

2.8a. Above a 0.7 sensitivity, an excessive amount of the imageenas/ed via tle
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threshold processwhich included the nodal plane regions particularly in the corner of
the images (Figure 2.11f)l As expected, when the sensitivity of the threshold values
wastoo low (sensitivity value of 0.5), the threshold image appeared to extract less of the
anti-nodal planes, but performedetter than Otsu global thresholdingas was
demonstrated in Figure 2.11-la Qualitatively, it was then possible to infer that a
senstivity value 0.7 resulted in too much thresholdjrind a 0.5 sensitivity value of was
too little. However, a sensitivity value of 0.6 resulted in a \@vgd representation of

the SW lens image. Therefore, an optimal sensitivity value lies between the local

threshold sensitivity range of 0.55 and 0.65.

l_“’_"_'ﬁ <\*l\ //@ it — -
Figure 2.11 - Dil stained lens specimen with the application of global and

thresholding techniques. a) Global thresholding of the lens specimen using tf
method. Local mean thresholding was applied with a filter size of 51 x 51 to the ¢

specimen at threhold values of b) 0.5 c) 0.6 d) 0.7 e) 0.8 and f) 0.9.

Local mean thresholdvas now applied wittsensitivity values between 0.55 to 0.65 in
increments 0f0.01, with a filter size of 51 x 51. The amtbdal plane percentageas

plotted against local mean sensitivity valuasFigure 2.12This theoretical anthodal
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percentage represents the amount of the anthdalplaneswhich had been captured at
the FWHMwidth for eachanti-nodal plane The dashed line was an overlay of the anti
nodal plane percentage informatiomnd was determined theoretically from the
simulated SW imagef ¥ 50%. Note that the theoretical valuavas obtained fromthe
theoretical threshold imagewhere the intensity valueswvere x 0.5, and not from the
application of a local mean threshold to the theoretical simulated lens specikrem
Figure 2.12it was possible to extract the point at which the experimental datersects
the theoreticalanti-nodal percentagelhe point of intersection was determined to be
F 0.60 sensitivity, this offers the best extraction of the &ktf-nodal planeinformation
based on the fluorescence intensity of SW dating a local mean thresholdth a0.60

sensitivityanda filter size of 51 x 51.
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Figure2.12 ¢ A plot of antinodal plane percentage against local mean sensitivity
dashed line was the theoretical value of the amidal plane percentage and w
present to déermine the point of intersection between experimental and theore

results.
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2.3.3Two-dimensional SW reconstruction of a lens specimen

and RBCs

A single colouf = 48 mm lenspecimen was imaged using a 543 nm excitation light
source. Figure 23k shovs a SW image of the lens specimen with a concentric fringe
pattern which is characteristic of the SW antidal planes intersecting a fluorescently
coated lens specimen. TH2D reconstruction was created for the lens specimen. A
Gaussian blur was applied with a standard deviation value=o56. Note this gave the
best balance between sighto-noise ratio and retained much of the detail in the SW
image Thevalues for theGausgn blur std. dey.and the local adaptive threshold
sensitivity and pixel neighbourhood sjzevere obtained quantitativelyusing the
optimised conditions obtainedh sectiors 2.3.1 and 2.32. A local adaptive thresholding
technique was applied to obtai@s much of the SW antiodal planes as possible. In this
instance, | applied a sensitivity of 0.60 and local neighbourhood size of 51 by 5X@ixels
extract the antinodal plane information based on fluorescence intendipw that the
anti-nodal and nodhplanes were clearly separated 2D reconstruction of the lens
specimens was created by application of the method described in section 2.2.7. A
comparison of Figure 2.13b with Figure 2.13a showed that the pixel value intensity at
each pixel location redted inan accurate representation of the positional and intensity
information of the SW concentric fringe pattern. Furthermore, the pixel intensities were
consistent with the raw SW image. Notice the saturated fluorescent dye spot regions and
areas of poo binding which werepresent in both the raw SW image and the 2D

reconstruction.
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Figure2.13¢ a) A single colour SW image &nhated f = 48 mrtens specimen. A thresh
value of 0.60 was applied to the Gaussian blur image. b) The 2D reconstrudtierf ¢
48 mmSW image which showed the intensity values mapped back on to the th

image from the raw SW image.

This method was further extended to a biological specimen by imaging RBCs using the
SW technique. Figure 2.14a andshpwsthe raw RBC image where the SW arddal

planes intersect the concave surfaggosestto the mirror creating a concentric ringed
fringe pattern. | observed the structural differences between the healthy. FBIC
example, the RBC in Figure 2.14a has more elliptical concave surface than the RBC in
Figure 2.14c. A Gaussian blur of 5 was applied to the raw RBC image in Figure 2.14a
and c). In Figure 2.14b and d, using the optimised parameters threshold parameters, the
RBGQGhreshold image demonstratedear separation of the artiodal and nodal planes.

As before, the threshold image was used to extract the pixel intensity valuesiiygst

the position and intensity of each antbdal region from Figure 2.14a. Figure 2.14 b and

d, shows the2D reconstruction of the antnodal planeswhich intersectthe RBC

specimen. As expected, only the positional values of the-raodal plane with their
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corresponding intensity values are extracted. Notice that regions where bright spots

were observed in the raw image could also be seen in the 2D reconstruction.

Figure2.14 - Single colour SW images and 2D reconstruaifoa Dil stained red blo
OStft GKIG KFad 06SSy ONRLIISR FyR GKS (
applied to a) and ¢) The threshold image with a local mean threshold sensitivit
of 0.60 with a filter size of 51 x 51 applied te tBaussian blur image b and c) are

reonstruction of a SW RBC.

2.3.4SW imaging and twalimensional ofP.bergheinfected red
blood cells

P. bergheivas used as a model for the SW imaging of unhealthys RB&mpare the
SWstructure pattern with healthy RBCs. Firstly, | checked the autofluorescence of Phz
which was used to increase parasitaemia, as it had been kndw cause
autofluorescenceg111]. As a result, | first captured uninfected Phz treated RBC and

imaged them using a 40L.3 NA oilimmersionobjectiveand compared the Phz treated
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RBC with no#treated Dil stained RBCs adhered to a mirrored surfRbenylhydrazine
autofluorescence wasested at the three excitation wavelengths used for Dil iRBC
imaging of 48&m, 514nm and 543 nm. Each wavelength was indially set at the
same power for both the untreated and treated RBCs. To compare the intensities, 10
RBCs were taken as regions of interest (ROISs) in each image and thenteaaity over
0KS wmn valdul&@eéd anal Shedh in Table 2.2. In Figur® 2the intensities in the

543 and 514 nm excitation channelsowed little autofluorescence.hiis there was a
large difference in the overall intensityetween the treated and norreated RBC
images The autofluorescence was more appar®iith a 488 nmexcitation wavelength

due to thedecreasef the fluorescencesignalfrom the Dil membrane stain

Table2.2 ¢ A comparison of the relative intensity of change between untreated Dil

stained and the Phz treated RBCs not stained with Dil.

Excitation Intensity Intensity Phz Relative
Wavelength (nm) Untreated treated (Arbitrary  change (fold
(Arbitrary Units) Units) increase)
543 64.1 £+6.0 1.64+0.04 38.0
514 62.9+54 2.63 +£0.06 22.9
488 39.0+2.8 4.86 + 0.37 7.02
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Figure2.15¢ Autofluorescence images of RBCs treated with Phz imaged at exc

wavelengths of a) 543 nm, c) 514 nm and e) 488Tme.treated Phz images have b
contrast stretched to use the full dynamic range of the imaB&Cs stained with
but not treated with Phz were imaged at wavelengths of b) 543 nm, d) 514 nm

488 nm.
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Infected RBCs were captured using a HCXHRL. CS 100x1.30 oil immersion objective
lens on a Leica SP5 DM6CGQSM Figure 2.16howsan image of a RBC which was
infected at the schizont stage. | observed protrusions from the cell membrane of the
IRBC and noticed that there was no longer a concentimg pattern which was
characteristic of healthy RBC SW images. Instead there three distinct regions near

the mirrored surface, this suggested a deformation in the iRBC membrane most likely

due to the presence of the parasite within the RBC.

Figure2.16 ¢ RBCs infected with P. berghei at the schizont stage. An SW image
iIRBC had shown protrusions and morphological changes and loss of the concave

the iIRBC structure.

Next,to confirm the presence of a parasite withime RBG@nembrane was the cause of
the deformation observed in the SW images, | captuglimages with both the Dil
labellediRBCat anexcitation wavelength 543 nnand the GFRagged parasiteit 488

nm withthe GFRmissioncollectedat 500540 nm. Thelane of focusvas adjusted such
that it brought the outof-focus parasite into focus. | observadoverlap of the parasite
within the cell membrane in the x and y positions. It was observed that there was

rounding of the cell membrane where the parasite was located as showigure 2.17.
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Theae wasalsodeformation inRBGnembrane and lose in the characteristiedasincave

surface, asvas previously observed.

Figure2.17- A mature schizont P. bergei iRBC ith the parasite GFP tagged (cy
the RBC membrane was stained with Dil (greyscale). The cell membrane of iRB(

deformation due to the presence of parasite.

After successfly carrying out imaging ofP. bergheiRBCs, | investigated if the GFP
labeled parasites were detected within the same iRBEcause when focusing on the
parasite,]| moved theplaneof focus away from the mirrasurface.To investigate this, |
utilisedthe 488 nmedge of the Dil excitation spectrum and thmission was detected
over 550650 nm. The GFP emission detection was adjusted to collect between 495
525 nm to limit the bleed through of the Dil emissionhus, | was able to detect the
fluorescence emission from the cell membrance and pegagmultaneously Figure
2.18a, showed the SW image for an iRBGens | observed the Dil stained cell
membrane. Now | moved thglaneof focus and in grey | observethat cell menbane
was almost ideitical to Figure 2.18, and there was clear localisation of the parasite in

cyan within the cell membrane of the IRBC.
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Figure2.18¢ SW images of mature schizont stage iRBC. a) The red blooteoddrant
of the infected RBC closest to the mirror surface at 514 nm excitation b) 4
excitation of both the membrane in grey and the GFP Parasite now in focus wit

cell membrane.

Finally, I utilised the methods developed for tB® reconstructionof healthy RBCI
applied a Guassian blur withséd. dev.of © =5 to each image. In Figure 2.19a, | applied

a local mean threshold with a sensitivity of 0.60 and a fiiee of 61 x 61. IRigure
2.19b, a local threshold with a sensitivity of 0.60 and a fliter size of 41 x 41 was applied.
| did observe clear banding structure with rejection of much of the background and nodal
regions. This was an important steps it allowed for only the antiodal pbne
information to be extractedwhich has the geometric information encoded withtn
whilst removingmuch of the unwanted background and nodal plane signBhis was
particularly important as the parasitic invas of the RBC caudaleformation to cell
membrane [90]. Therefore, only theanti-nodal plane information revealedthe

geometric structure
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Figure2.19¢ Two-dimension reconstruction of SW images of Dil stained P. berghe
shown in a) Figure 2.16 and b) Figure 2.17. In both cases, | observed clear se
between the antnhodal planes and the rejected background and nodal regions

IRBCS.

2.4 Discussion

RBC SW imaging has been carried out by Amor [@2alwhichdemonstrated precise
contour mapping of the concave surface of a RBC gtlts¢he mirror surface. Repeating

this experiment, | observed banding structure due to the concave nature of RBC.
Currently, no SW study thus far has demonstrated the use of SiWfaontour mapping

of unhealthy RBCs. Therefore, | investigated malaria asdel for SW imaging of
unhealthy RBCs using GFP tagBeuokrghei Before imagingl sought to confirm that
autofluorescence would not affect the imaging of the iRBC. It wasestesd that the
treatment of Phz which was used to increase parasitaemia could causeasect
autofluorescence in RBQGhje to the breakdowmf hemoglobinby-products which were

also autofluorescenfl11]. However, at the 543 nm and 514 nm excitation wavelengths

| observed very little autofluorescence with a 39 and 28.9 fold increase between the Dil

stained and norDil stained Phz treated RBCs. Therefore, Phz treatolid not impact
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imaging of iIRBCs at the excitation wavelengths that | was interested in using for SW

imaging.

P.bergheiwas selected at the schizont stage which is the final stage of the parasite
asexual reproduction cycle, before thaupture the RB@embraneand the merozoites

go on to invade new RB{®], [112] When applying the SW method to iRBCs, | observed
the loss of the characteristic concave structure with partial orrfulinding of the RBC
membrane. This was consistent with previous studies, that the result of parasite invading
the RBC changes the morphological properties of the [RBIC[91], [113], [114]and

that the morphology changes were likely to be comparable acRiasmodiunspecies
[115]. Additionally, it musbe noted that inFigure2.17 the parasite may not have fully
matured to the schizont stagdhus a smaller parasite has cause deformation to the
bottom edge of the RBC. It was clear that the invasion of the parasite caused deformation
to the RBC whicthe SW method could detect.

Quantitative phase methods have been used to investigate healthy and unh&sBty
and extract quantitative information about the cell morphold&g], [100], [116¢[118].
However, the seup for quantitative phase methods and analysis of ttea is not
trivial, and may require specialised optics and additional setup to the micro468pe
[101]. SW microscopy on the other i@, was an easto-implement technique, although
data analysis techniques are required to be developed. AdditionallyaBwed for
quick inspection which could then be used to make assumptiinsut the RBC
geometry. Furthermore, SW images showed clear morphological diffesdreteeen
the healthy RBCs and th& bergheiRBCs

Standing wave muHplanar technique allows for contour mapping3 structures with
superresolved section§’2]. However, the drawback of this technique was that 8i2
information was encoded within2Dimage. Overcoming the challenge of quantification
and decodinghe information present in the SW images was an important step and was

required to be addressed to take full advantage of the mplinar SW images. For this
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technique to be applicable to arbitrary geometrical structures, | required a
computational methodto extract the 2D positional and intensity values of the pixels
within the antinodal planes. The approach to solving this problem was to use techniques
already available in the MATLAB imaecessing toolbox to provide the computation

toolsfor anti-nodal plane extraction.

Noise plays a role in making it difficult to extract information using segmentation
techniques.The gplication of noise filteing techniquesis common in preprocessing to
reducethe noise present within an image. | applied a Gaussian blur at different std. dev.
values which reduced the noise present in the imaggeshown in Table 2.1. In particular,

an improvementin the signatto noise which wasneasured at very hlgsigma values.
However, it wasbserved thathere was anncreasan smoothing and loss of the distinct
details of the antinodal pattern as thatd. devvalue of the Gaussian blur was increased.
This was to be expected, Esger the std. dev. becomehe values witln the smoothing
kernel becomes larger, which resulted in blurring of the edge structures and reduction
in the image contradt79], [119]. In the situations where thstd. dev.was too largeand
because of the projection of the 3D lens surface in 2@bticed the loss of the higher
frequencies near the edge of the SW images. This was the result of the Gaussjan blur
which ineffect filtered outhigher frequency components amdsulted inloss of the SW
structure. Therefore, a choice has to be made based on the observation of the amount
of smoothing present in an image and timprovement in the signab-noise ratiq
without the loss of fine dtails and overall SW structure. Thesuld be done by

inspection.

Intensity thresholding method was suitable at segmegtcellular features that had a
high intensity differenceand were spatially separated[81]. Therefore, intensity
thresholding was a suitable method fdetecting the high intensit$W antinodal planes
from the low intensitynodal planes ad backgroundInitially, dobal thresholding was
achieved by application of the Otsu meth[@2] and was compared witetandard mean

local thresholding techniquig4]. Global thresholding was not suitable for our SW image
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data setsas the emission light intensity was not homogeneous over the whole image.
The cause of this variation dhe light intensity over the image was due to the
inhomogeneous binding of the fluorescent dye over the whole lens surface and the drop
off in intensty farther away from the mirror surface. Therefore, utilising local adaptive
thresholding was advantageouas they were welsuited to varying levels of light
intensity over theimage. This was achieved fgnerating a local threshold value for a
small rggion of pixels within an imad8&3], [84]. Thus, local thresholding produced SW
threshold images with anthodal planes separatefdom the nodal planes. The result was

a concentric fringe pattern that resembled the raw SW image.

Finally, in MATLAB by utilising the threshold image to extract only thenadél plane
intensity and positional datax(y), a 2D reconstruction of the lea specimenshealthy

and infected RBQ®uld be obtainedHowever, Dil causes problems with dye spots being
present within the RBC membraytais will require further image processing to improve
segmentation of the anthodal planes. Additionally, iIRBC have a complicated membrane
structure which leads to ambiguity of the axial height of the SW banding structure. As a
result, it would be difficult to make assumptions about the cell geometry. Whereas,
healthy RBCs have a more piadble morphology that requiréess assumptions about

the cell geometry to extradhe axial height information. In future, the 2D reconstruction
method could beusedas the first step irthe development of a method to assi8D

information to healtty RBCs to produce 3D reconstruction ussivg microscopy.

2.5 Conclusion

In this chapter, | have discussed the work carried out on2Be&SW images.t&nding
wave RBC imagin@f P. bergheihas demonstratedin principle the ability of SW
technique to be used to contour map and investigate the cell morphology of keathty
and infected RBC3he aim of this experiment was to develop a sEcomputational

techniques which could be utilised to extract the 2D positigyy) and pixel intensity
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information of the SW anthodal planes. By using a Gaussian blur and image
segmentation techniques, | was able to extract the -antdal plane information whilst
rejecting both the nodal and background signal. Using the raw SW and threshold jmages
| was able to extradhe pixel intensities from the images and creat2@reconstruction

of lens specimens, RBC aRBGpecimens
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Chapter 3
Threedimensional reconstruction of

video-rate widefield standing wave RBC

Images
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In this chapter, | developed a computational method to create a 3D reconstruction of a
fluorescently labelled healthy RBC captured with a widefieldflaprescence setup at
videorate. Furthermore, it wagemonstrated that by extending the method outlined in
chapter 2, the lateralX,y) and intensity information from the SW images amtidal
planes could be extracted. Through development of a custom algorithm, | removed
images where the anihodal planes ere in contact Thiswas suspected to be caused by
dye clumps. Using priot knowledge of thehealthyRBC biconcave surfacegjal height
information was assigned to the boundaries of the amidal planesUsing the axial
height information cubic intepolated concavesurface of theRBC wasalculatedwhich
created a 3D reconstruction andhproved the visualisation of the RBC. | showed that
from the healthy RBGWimages presented in this Chapter, 9Bdagesout of 1000
acquiredcould be reconstructedh 3D The SW RBC technique was compared to standard
widefield epifluorescencemaging and showed that the SW technique not only reveals
more topographical information which could be reconstructed, but that the specimen
does not undergo any increase in toity or rate of plotobleaching over the image

acquisitiontime.

3.1 Introduction

Multiple-planar SW microscopy allows for 3D information to be encoded into a 2D image.
In this case, images of healthy RBw&re captured with a widefielépi-fluorescence
microscope. In this Chaptany aim wago develop a method for the 3D reconstruction

of SW RBC imageassing inbuilt and custom MATLAB functions combined with2be
reconstructioncode developed ichapter 2 By using prioriknowledge of the RB@xid
information was assigned to produce a 3D reconstruction SWrRBC imagesherethe
anti-nodal planes appeared in contact, a method was described to segment these
images The code was then implemest to obtaina 3Dreconstructon of widefield SW

microopy image®f healthy RBE whichwere captured at 30.30zover 1000 frames.
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Lastly,photo-bleaching and photadoxicity rates were compared betwee®W widefield

Imaging andstandard widefieldepi-fluorescencemaging

In Chapter 2, the SW equation (Eqnl)2describedhe intensity of the SWpropagation
along the axial heightlirection relative to a mirrored surfacéHowever, this did not
account for the dependencef the axialintensity profile due to theNA of the objective
lens. Therefore, an additional term wasequired to describe thewvidefield SW axial

intensity distribution

Inwidefield epifluorescenceSW microscopy, a specimenlluminated with an intensity
profile that is proportional tp A T 'Qa[14], [73] This will produce moscillatory field
within the depth of focusvhere fluorescence will onlige generatedwithin the antt
nodal regionsatali KA O1 y Saa X the exadtgtian wavéléniitls amlis the

refractive index. In conventionalidefield epi-fluoresence microscopythe detection
PSF can be approximated @E T A—4& [120]. Thus,when the detection PSF is

combinedwith the axial modulation of the excitation figlthis actsas a modulationon
the widefield detection PSH121]. Therefore, arexpression for thesffective P& for
widefield SW microscopig a convolution between the SW structu(Eqn.2.1)andthe
conventionalwidefield detection PSEwhichresults in anwidefield SWintensity profile

which isproportional to[103], [120]
OY® p AT QazOET-A—a (3.1)

where _ is the peak emission wavelengthA is the numerical aperture of the
objective lens;Q 1“ &_ and & denotes thecoordinate along the axis[122], [123]
Depending on the wavelength of excitation, the resolution using SW microscopy could
be significantly below the axial diffraction limit. This expressmoBEqgn. 3..was used to
characterise the effect dhe NA on the anthodal and FWM values of the SW. This was
important, as these assumptions were used to generate a model for 3D reconstruction

of the SW RBC images.
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Red blood cellsindergoflickering and movemenf93]¢[95], and rare diseases which
have been associated with membrane morphology changes include sickle cell anaemia
[87], [88] hereditary spherocytosiB7], [89] elliptocytosis[87] and malaria infected
RBJ90], [114], [115] These clear morphological changes between healthy and diseased
RBC maksthe use of optical miascopy a powerful tool for research or diagno¥igilst

SW microscopy allows the observation of axial and lateral movements in the plasma
membrane that cannot be seen using standard widefiegh#fluorescencemicroscopy

or, in real time usingCLSMSW micoscopy However, the SW images haxaultiple
planes of3D informationencodedin a 2D imageavhich can make the visuabsion and

extraction of meaningful datdifficult.

It was difficult b extract 3D information for multiple reasonfirstly, SW microsopy
provided a contour map of lens specimens and$Bhichprojectedthe 3D information
onto a 2D plangl10]. As a result, this produced a periodic structure which had a varying
spatial frequency component that was dependent on the radius of curvature of the lens
specimen i.e. whea SWintersects a fluorescently coated lens specimen the succession
of antinodes becomes more rapid across the field of vias shown in Figure 3.1a.
Furthermore, due tolte single wavelength of fringes prioriknowledge of the specimen
geometry would be required to reconstruttte specimerthrough a purely mathematical
approach. Thiswas only applicable for the model lens specimen, where the precise
geometry was known. Another approach was to use a specimen, slEiRBE, where
the generalbi-concave structuravas knowneventhoughthe precise knowledge of the
geometrywas nd. Therefore assumptions about the resultant SW RBC image could be

made andhe axial information could be assigned to each arddal plane.

Before assigning the axial informatido the SW RBC imagsegmentation ofthe 2D
projected antinodal planeswvas required as was demonstrated in Chapt&rThis wa
successful for data which hakigh contrast inintensity and lownoise Any high

frequency noise that was present was removed through a Gaussian blur. Then by
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application of local mean intensity threskling, positional (x, y) and intensity data was
extracted for the 2D SW RBC amtidal plane information. However, to assign axial
information to the segmented SW image was challenging, as each segmentexdali
plane was required to have no points thaere incontact between different antinodal
planes with no breaks present within tlaati-nodal planering. Additionallythe known
axial height information was required to be assigned to a known location on the

segmented 2D SW antodalplanes

There were two known properties that could be ugedassign axial information to the
segmented SW image. As the antidal planes of the SW occur at locations of maximum
intensity, by finding tkese points of maximum intensity, distance valoéy” < K eowd

be assignedwherem, isa multiple integer of each successive amtidal plane. Another
method would be to use the FWHM boundary values at the edge cdebgeented anti
nodal planes. The FWHiMas extracted by detecting the FWHM locasarsing Canny
edges detectiorj124]. This wouldequire an expression that defines the propagation of
these axial reference points away from the mirrdreurface. An expression was derived
from our knowledge of the antmodal spacing and the FWHM of each plane. | then
determined the axial position fagachlower plane edged() and each upper plane edge

(z2) using the following equation:
« - — (3.2)
«a - — (3.3)

where & is the plane number above the mirror. | aimemlusethe 2D segmentation
method, alongside Eqn3.and Eqn.3.30 create a 3D reconstruction of a SW RBC

captured on a widefield egluorescence microscope.
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Figure3.1 ¢ a) A fluorescent f = 48 mm lens specimen SW image captured us
excitation wavelength of 543 nm. This shows the 3D information endo@e2D image
b) A diagram of how the SW planes intersect the specimen in 3D which result

image in a).

3.2 Materials and methods

3.2.1Preparation of fluorescently labelledpecimens

Len specimens were prepared dsscribed inChapter 2.2.1 in order to compare our
theoretical and experimental SW amtodal spacings and FWHM in the same manner as

carried out in the work of Amor et §I2].
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| coated the lens specimen with Pathich was also used to label the RBC and has been
used extensively in red blood cell membrane studi€?, [104], [105] The RBC were
stained using the method presented in chapteR.2. Other membrane dyesuch as
DiO, DiA and E8-Anepps were investigated, but it was found that these were unsuitable
as they were either internalised by the RBC or photobleached too rapidly for practical
use with the widefield and confocal set yprrespective of whether onot a SWwas

present

3.2.2Videorate SW imaging of fluorescently labelled specimens

Widefield SWimaging of the fluorescently labelled specimens was carried out by Peter
Tinning (University of Strathclyde) using an upright-femrescence microscope
(OlympusBX50) with a 100X/1.4 oil immersion objective lens (UPlanSApo, Olympus) for
the RBC and with a 10x/0.4 dry objective lens (UPlanSApo, Olympus) for the lens
specimens. Specimens were illuminated using &@® multtLED system (CoolLED)

coupled to the mianscope.

Fluorescence emission was collected > 561 nm using a CMOS camera (Hamamatsu ORCA
Flash 4.0LT) with a binning n = 2 and an exposure time of 38xastra magnification

was added before the camera to increase the size of the specimen and reduce the
number of RBC present in the field of view. Signals were recorded using the WinFluor
imaging and electrophysiology analysis softw@t@5]. A schematic diagram of our

experimental setup can be seen in Figur2 3.
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Figure3.2 Schematic diagram dhe experimental setugor the standing wave methc

andimplemented using the BX50 misompe system. The excitation light is reflecte

a broadband mirror and interferes to generates@@nding wave The standing waveof

light causes fluorescence emission at 8tanding waveanti-nodes that intersect

fluorescently coated specimen which then propagates upwards through the lens, «

mirror and long pass filter to be detected by the CMOS camera.
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3.2.3Polynomial and Cubic spline Surface fitting for 3D

reconstruction of lens specien

A polynomial model was used for the interpolation of simulatstsldata set axial values
using a custom MATLAB function callédstomPolfit3D(Appendix [). The custom
function was used to create a surface fit for & 239 and 4" degree polynomial
equations. In principleto create the polynomial surface model in MATLAB | define a

vector for a 29 degree surface polynomial which is given as:
Dafd p OO O OO OO QW (3.4)
where,x andy isthe Cartesian coordinates artdis the coefficients of the polynomial.

Now, given thal = P(x,y)the polynomial can be expressed in matrix form:

H O OO OO ®p

T e 8 a9 ey s (3.5)
IE &€ €& €& & én
h ® 0 O ww U

Writing in a more compacftorm and then solving in a pseudoinverse least squares

method, over a range of the knowx y and zvalues, the coefficients can be determined

by:
F Ni Q6Q§@é&d (3.9

where, Cisthe polynomial coefficients andisthe known axial height at corresponding
x andy values. Nowthat the polynomial equation coefficients have been determined
by interpolation for valuesq and yqg, the unknown height valueszy, were calculated

using the following equation:

@ T2F (3.7)

where, matrixV in Eqn. 35 wasfilled with thexq andyq and the solving using the known

coefficientsC zg wasinterpolatedto determine theunknown axial locations.
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In practice, this methodvas applied to simulatedens specimen data using Eqn. ,2.3
which was outlined in chapter 2.2.6. Firstly, a matrix,ofand z Cartesian coordinates
which correspond only to the antiodal plane locations(x, y, and z values wich
correspond to nodal planes were removed i.e. simulated SW normalised intensity values
< 0.5) was used to determine the polynomial coeffici€dtasing Eqn. &. To generate

the surface fit for the simulated lens specimen, the full range ahdy coordinates,
including the nodal plane valuewere interpolated to determine the axial height,

using Eqn. 3. Now, the surf MATLAB function was used to generate a surface
reconstruction of the lens specimen aadcatter3plotted the simulated lens specimen

using thex, yandz Cartesian coordinates.

A piecewise cubic Border polynomialcontinuous curve was used for interpolation. In
other words, a cubic interpolatiofits data pointto-point in the form of a 2D '$order
polynomial equation. This was done using teéddata function in MATLAB~here the
known positions, yandzwere used to create an interpolated function. Usirgandyq
query points, unknown axial heightgs were then determined at points along the

interpolated cubic piecewise function.

To simulate a nofideal specimen, a Gaussian function was created usindstbecial
function in MATLAB. A matrix size of 71 x 71 and Std. dew 80 was added to a regi

of the simulatedx and y values lens data. This resulted in a distorted region. Surface
reconstructions of the simulated nedeal lens specimensvere created using the
polynomial and cubic as described aboVée fill algorithm for polynomial and cubic

spline fitting comparisois shown in Appendix IV.

3.2.4Analysis of lens specimen

The SW images of the plaiwonvex lens specimens were taken to confirm ttiegt anti-
nodal FWHM and spacings as shown in Figdie using LED illuminationwvere

comparable to the theoretical values. The images were croppdedJio only contain
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eight antinodal planes. A MATLAB script (Appendiwas created to analyse the radial
signal by taking an average around the centre of the imateh reduced tke noise and
made it easier to extract the antiodal spacing and FWHM. This was done using the
custom functionradialavg[126], which rotates around 2Dmatrix and calculates the
radial average arouha unit circle of a 2D matrihn this casethe 2D SW imagas shown

in Figure 3.3

Figure3.3 ¢ Shows how the radial average code works. The blue circle represe
outline of the unit circle. The red line represents the intensities stored at each Ic
The image above only shows four locations of the line intensity points. In re
number of radial locations cab be determined. Each corresponding pixel value
line profiles were averaged to generate an average line intensity over the full rc

of the unit circle.
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To determine the peak intensities for each antidal planel used thdindpeakdunction

to store the positions as a vector. Then by subtracting eachrenttal positionthe anti
nodal spacing was calculated and then #werage experimental antiodal spacingvas
calculated The averge FWHM valuewere determinedusing thefindpeaksfunction.
Again, the average experimental FWHM was calculat@the MATLAB Scripts in
Appendix Y.

3.2.5Algorithm for 3D SW red blood cell reconstruction

All computational reconstruction was done using MATLAB R2017a on kioples
computer running 64it Windows 7 operating system with & generation Intel core i7
770 3.6®B1z quadcore processor and 64 GO0 MHz DDR4 RAM. The scfimt 3D

reconstruction is in AppendiI.

The raw SW RBC movies were exported from WinfiLg%], and converted to a .TIFF
stack. InF1J] the images contrastasadjustedand then croppedo containonlythe RBC

of interest. The SW red blood cell images had high frequency noise present due to the
instrumentation noise which was reduced by applyan@aussian bIUMATLAB function
imgaussfiltwith a standard deviation of = 2. | utilised a local thresholding mébd
adapthreshset toa 25 by 25 kerneadizewith a sensitivity of 0.60Local threshold was
usedas the intensity profile wasot homogenous across the imagghe values for and

the local threshold sensitivity were chosen as they provided the rostirate FWHM

and antinodal spacingsvhen applied to thd = 30 mm lens specimeand resulted in

the highest number of reconstructions when applied to the RBC datasets.

Resolution is important in microscopy as it dictates the smallitstance between
featuresof interestthat can beresolved Theability to achieve 3D reconstructions of the
SW movies was limited by the lateral resolution available with widefield microscopy. As
the shape of the RBC changed over tian@j-nodalplanes couldppear to ban contact

with one another, if the separation between planes was less than the lateral resolution
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of the microscopeTo achieve antnodal separation, firstly the contrast of the threshold
image was inverted such that the nodal regions were represented! mQ dthe lanfi-R
Yy2RIFf NB3IA2ya 6SNB WnQa o RBEaseddved susiiEadzy R
only the nodal planes were preserand by using thebwmorphfunction, thinning was
applied to the nodal regions to reduce them to epixel thick linesRadial lines were
taken at onedegree intervals using thenrotate function, which rotates a 2D matrix
around a centre poinandstored the coordinates of each nodal plane ima 3columns

as the data sets presented heveere mostly only ever3 nodalplanes. At the points
where there was a discontinuityhereless than 3 coordinateseredetected the planes

had to be assigned to the correct colunirhis was achieveay comparingeach valugo

the last value in each column and determining whcimberwas numerically closest. In
order to fill in the missing column valuemny column values which were equal to zero
were then assigned the value NaN (not a numb&hyrough cubic interpolatiothe NaNs
were then replaced bgn interpolated valugo obtaina complete nodal planavith any

of the outliers removed using thésoutlier function The completed planes were then
dilated into a 3pixel thick ling usingbwmorph and subtracted from the original anti
nodal planehreshold image. The result wastaeshold image in which all the antbdal
planes have been separated (the antidal plane separation function is shown in
AppendixVI)). Once the planes were separated, | then extracted the boundaries of each
of the SW antnodal planes using Canny eddetection[124]. The positions of the anti
nodal plane boundaries were indexed, and the values of thaend y Cartesian
coordinates stoed in a matrix. Noweach of the antnodal planes FWHM were uniquely
labelled. This was done by using thwlabelfunction,which determinel if there were 8
adjacent pixels with thentensity value of 1INow, the boundary values were assigned an
axiallocation using Egn.3and Eqgn. 3. Using thegriddatafunction, the knowrx, yand

z values where mapped to a 3D surface and the axial positions for all remaining data
points were then determined using the cubic interpolation method. By extractingall th

intensity values from the antiodal planes in the SW RBC images, a custom colourmap
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was created and assignethe intensity to the correct coordinate. The final 3D
reconstruction was created using tlseatter3and surf MATLAB functions and was

stored asa .TIFF stack which was converted to an .AVI movie.

3.3 Results

3.3.1Simulations of SW PSF for high and low NA lens

To understand the effect of a low and high NA objective lens osWeantensity profile.

| compared a 0.4 and a 1.4 NA objective Jemisich was sed for imaging the lens and
RBGspecimens, respectively. The simulation was set for an axial height range of z = 1 to
1650 nm, equivalent to eight SW amtbdal planeswith the excitation wavelength of

549 nm and peak emission wavelength of 570 nm fer 8W PSF simulation. In Figure
3.3a, the SW profile of the low NA objective lens showed that thees very little
intensity drop over the eight SW antbdal planes. As a result, | would expecbbserve

many antinodal planeswithin the depth of field when imaging a lens specimen
Conversely, from Figure &3l could see that a 1.4 NAdha large effect on the emission
drop of theSWa (. NHzOG dzZNB X A GK GKS Ay ({Syamigwas RNR LJ
becauseof the convolution between théSWexcitation illuminationand the emission
PSETherefore, he intensity of the SW fringes detected beyond an axial range of 600 nm
was negligible. Any contribution from these enftfocus SW fringes would produce
background fluorescence, but as the intensitit-of-focus fringeselative to the infocus
fringeswasconsiderablyower, it would haveaminimal effect on the observed SW fringe
pattern. Therefore, iwvasassumed that only 3 antiodal planes wuld be observed at

one timewithin the depthof-focuswhen imagingwith a 1.4 NA objective lerfer SW

RBC imaging
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Figure3.4 ¢ Simulated SW PSF using eqn. 3.1 at a 549 nm excitation wavelengt|
peak emission wavelength of 570 nm. a) A 0.4 NA objective lens and b) a 1.

immersion objective lens.

3.3.2SW imaging of fluorescently coated lens specimens

To confirm that the interference patterns observed in the images (captured by Peter
Tinning) resulted from SW excitatipand to verify thatthe experimentalanti-nodal
AL OAy3IQa I YR @bletathe the@etidnl vaesitodscently labelled
lens specimensvere imaged with the widefield setup image in a&s shown in Figure
3.5a. As expected, an alternating pattern of the SW intersecting the lens speciasn
observed Now, 4% BSA iPBSwaspipetted under the lens specimerts replicatethe
conditionsthat a SWwouldformwhen SW RBC imagings carried outAn interference
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pattern was observedand aswas predicted the refractive index changeetween the
mirror and lens specimeresulted ina reduction inthe FWHM andanti-nodal spacing
(Figue 3.4h. | used my lens analysis MATLAB script, whagth takena radial average
for each image and the average experimental sttilal spacings and FWHMs (Figure
3.5c and g were determined and comparedgith the theoretical PSF calculated values
usingEqgn. 3.1As a result, more antiodal peaks were observed within the same axial
range for 4% BSA in PSA than in air (Figlte éxd d).In Table 3.1, | showed that the
experimental and theoretical values were in good agreement with theory with a

percentage error less than 3.00%.

Il Il Il 1 Il Il Il 1
200 400 600 800 1000 1200 1400 1600 1800 2000
Height from mirror (nm)

T T T ™

——Normalised fluorscence signal
v Anti-nodal peak
——width

Il Il Il Il Il
200 400 600 800 1000 1200 1400 1600
Height from mirror (nm)

Figue 3.5 - SW images of &= 30 mmfluorescently coated lens specime) A 2D S\
image of a fluorescently coated lens specim@taced on a mirror and imagasking ¢
widefield setup. b) The radial averaged @is of the antinodal aial locations of a). ¢)
2D SW imagef a fluorescently coated lens specinveimere 4% BSA in PBS (n=1.34)
placed between the lens and the mirrored surface. d) The radial intensity profile

lens specimen in c).
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Table3.1 ¢ A Comparison of experimentally determined arddal spacings and FWHM
obtained from lens specimen imaging and the theoretically determined values calculated
usingEqgn. 3.1where the peak excitation wavelength was 549 amgthe peak emission

wavelengthdetectedwas 570 nm.

Widefield SW imaging lens specimen comparison

Refractive index 1.34 1.00
Theoretical Anthodal spacing (nm) 204 275
Measured Antinodal spacing (nm) 204 +3 274 £4
Percentage difference (%) 0.34 0.10
Theoretical FWHM (nm) 102 137
Measured FWHM (nm) 100 +1 138 1
Percentage difference (%) 2.30 0.55

3.3.3Comparison of threshold and edge detection images with

standing wave theory

To extractthe antinodal planesa local threshold was applied to tH&WVimages and

edge detection was used to extract the FWHM regions of the SW planes. This was
achieved by application of a 0.60 local mean threshalth a pxel size of 25 by 25 for

the widefieldSWimages. A 2D reconstructiomascreated aslescribedn chapter 2.2.3.

The widefield thresholdSWlens image for the first 8 antiodal planes and the 2D

reconstructionis shown in Figure 3.6.0 confirm that the extracted data using this
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method was iragreement with theory, th&D reconstruction of théens specimen was
analysedusing a radial averages in section 3.3.4 calculated that 2D reconstruction of
the widefield SW lens image (Figure 3.6BJl ananti-nodal spacingvhichwas279 +4

nm with a percentage difference of 1.82% when compared to the theoretical value of
274 nm. To showhiat the edge detection coincidedlith the edges of the thresholanti-
nodalplanes, the threshold image is overlapped with the edge detection images .in red
It wasobservedhat the canny edge detection extracts the edge of the aradal planes

at the FWHMboundaries Using the radial average on the threshold image, the FWHM
spacingwas calculated | then confirmed that the extracted FWHM using the edge
detectionwas138 £2 nm. ThetheoreticalFWHM value wa$37nm, giving a pecentage

error of 0.55%, which waa good agreement witttheory.

Figure3.6¢ A f=30 mm lens specimen with the applicatiora)fA local mean threshc

of a 0.60 snsitivity and a region size of 25 x 25 pixel. In red is the overlap of the
edge detection on the threshold SW image. b) A 2D reconstruction utilising the ir

and positional values extracted from the threshold and original SW images.
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3.3.4Comparison of polynomial and cubic spline 3D surface

reconstruction of a simulated lens specimen

To test the best fitting method for surface reconstruction, | simulated the SW $&nd
zpositions of a lens specimen wighradius of curvatur®= 24.87 mm, at a height &.5
microns.Theaddition of a Gaussiafunction was added tsimulated lens specimen to
the x andy position valuedo create a deformation in the surface.7A x 71 Gaussian
functionwith a std. dev oROwas applied withan additioral scaling factor of 7@vasto
the Gaussiarfunction to make the deformation more prominent. In FiguB7, |
observedthe effect the 29, 39 and 4" order polynomial surface fits and a cubic
interpolationfitted to the deformedlenssurface. With the application of higher order of
polynomial fits to the deformed surfacet was noticed that oscillation become
prevalent.Table 3.2, shows the coefficient of determinatid#)(values which increase
for each higher degreef polynomial fit applied to the deformed surface ant®avalue
of 1.00 for each polynomial fit for an ideal simulated lens dataset. The cubic fit piecewise
procedurewas appliedo the simulated datasetand| noticed that the fitting procedure
fits from data pointto data point. The result was no oscillationsand the deformed
surfacebeingwell interpolated Cubic interpolationcreateda surface that accurately

represenedthe simulated lens specimen even with the presence of deformations.
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Figure3.7 ¢ A <gatter plot (red data points) which shows the simulated data poin
the antinodal planes positions for a f = 48 mm lens speciarah suface plot 3I
reconstructionsusing a) 2", b) 39 and c) 4 order polynomial fits and d) cul

interpolation.
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Table3.2 - Shows the coefficient of determination for &,239 and 4" order polynomial

fit applied to a simulated f = 48 mm lergesimen for both ideal and Gaussian deformed

data ses.
Polynomial fit Ideal lens Gaussian deformation
degree R R
2nd 1.000 0.982
3 1.000 0.987
4tn 1.000 0.990

3.3.5Videorate SW imaging and computation 2D

reconstruction of RBC

Using the optical setup shown in Figure 3.1, it was possible to carry out upright widefield
SW imaging of the bottom surface of a fluorescently labelled RBC at speeds in excess of
videorate (Imageswvere captured by Peter Tinning in Figure83.By carryig out this
technique, images of rapid membrane fluctuations and changes in real time were
observed which would not be observablesing point scanning methoddue to the

limited temporal resolution available. Using the videde data obtained from the
resolution measurementsand the imaging of the fluorescently coated lens specimens

in 4% BSA in PBScould be concluded that a lateral resolution of 290 nm and an axial

resolution of 100 A4 nm could be achieved
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Figure3.8- Single frames taken from the videate SW(captured by Peter Tinningjovie
of the bottom half of a red blood cell labelled with the membrane dye Dil using a ¢
binning n = 2. The frames presented dsaae frames 1200, 400, 600, 800 and 999.

Using the computationacriptl created which was described in section 3.2.5, | was able
to isolate the antinodal planes from the background lycal adaptivethresholdingof

the SW RB@nages. Then a 2D reconstruction of the SW movie was created by mapping
the original intensities to the threshold images (Figur@) &nd storel the subsequent
anti-nodalx andy coordinates for each frameThis resulted in a videshowing only the

RBQGnti-nodalplanes.
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Figure3.9 - 2D reconstruction of the SW movie with the original intensity values a
to the isolated anthodal planesThe frames presented asfare frames 1, 200, 4C

600, 800 and 999

However, | observed that the antiodal planesvere in contact in some frames of the
movie As a resulta mehod was required to extra@nd separate the antnodal planes.
By applying @ustom segmentatiomethod, thethreshold imags of the videarate SW
werefirstly inverted, thus leavingonly the nodal regions as shown kigure 310b. | had
observedthat the gaps in the nodal planes exist wheree anti-nodal planes were
connected. Bymplementingthinning and skedtonisation a gap was observedhich
couldthen be cubicinterpolated,as described in methods section 3.2adresulted in

a complete nodal ring.then separated anthodal planegFigure 3.10a)hat appeared

to be in contactby subtracting the completed nodal ring in Figure 3.1dth one
another. The result was separated amodal planes in Figure 3.10d. The results of the

key steps of the process shown in Figure 3.10 was applied to frame 503 of the SW movie.
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Figure3.10- Key steps of the antiodal plane separation for frame 503 of the SW m
a) Threshold image has been invaitand resulted in binary image of the nodal regiol
b) Askeletonized image of the nodal region¥ The resultant cubic interpolated no
planes which have been dilated by three pixels. d) Thenadal planes have be

separated by subtracting c) from the antbdal plane threshold image

Using Eg. 3.2 and Eq. 3.3 the theoretical axial positions were applied to the
segmented edge detection regiansthen interpolated each axial height for the pixels
between eaclSWplane edge. The 3D surface and the artdal plane intensitiesvere
shown in Figure 3.1, which aids in our understanding of the 3D membrane structure of
the specimen and allows for the observation of morphological changes in the lateral and

axial directions in real time.
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Figure3.11 - A 3D reconstruction the first frame of the SW movie where a) whe
aspect ratio has not been altered and b) the aspect ratio of the z axis has been in

to 13.33 for easier visuadition.

3.3.6Comparison between videoate SW microscopy and

video-rate widefield epi-fluorescencemicroscopy

After successfully carrying out videate SW microscopy and generating 2D and 3D
reconstructions othe 2D SWRBC movieshe effect of the SW imaging technique on the
rate of specinen photobleachingvasinvestigatedand compare to that of widefield
epifluorescence microscopecorded at videerate. SW imaging afvas carried oufor

10 RBE€using the method describeid section 3.2.2To investigate the photobleaching

rates, Icroppedand contrast adjustedhe SWmovies and created a MATLAB script to
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obtain a normalised 2D reconstruction for each image. As before, the MATLAB script
applieda local threshold to isolate the aatiodal planes and the average intensity of all

the non-zero intensity pixelsvascalculated. The intensity was outputtédr each time

point. This process was repeated but with the RBC on standard microscope slides rather
than a mirror to image the cells using standard widefiegi-fluorescencallumination

rather than with a SW. The average norrsadi intensity along with the standard error

of the mean for each time point (n = 10) for SW microscopy can be seen below in Figure

3.11a, and fowidefieldepi-fluorescencamaging in Figure 3.11b.
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Figure3.12- Average normalisd intensity (solid line) and the standard error of the n
(red dashed line) from a) SW movies and b) widefield imagiRB&{n = 10) excite

using a 550 nm LED with an illumination power at the specimen plane of 1.71 + 0.

When comparing the data using both techniquése measured average intensity
decrease observed across the 1000 frames when using SW imaging was 51.89 + 2.28 %
and for standard widefieldpi-fluorescencemaging it was 47.78 £ 4.78 %. Peter Tinning,
compared (and generated Figure 3)lthese rates and applied a studentest after

which it was found that there was no significant difference between the average

photobleaching rates obtained with each tecfue (P > 0.05).
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The average initial normalised intensity values when using each techneas
compared. ie SW imaging provided an initial normalized intensity of 0.55 + 0.02 which
was significantly larger than that with widefield microscopy using tineespower at the
specimen plane (n = 10, P < 0.05 compared to an initial intensity using widefield imaging
of 0.46 + 0.03)Thiswas attributedto the increased brightness of the SW images
compared to the widefieldepifluorescenceimageswas due to the multiple iafocus
fluorescent planes being present in the SW images. In wideBeldluorescence
microscopy there was only a single planefanus with the rest of the image being

composed of oubf-focus fluorescence.

It was also explored what the effect of SW imaging technique had @ &®®8r longer
timescales.As before, RBCwereadheredon to a mirror or a microscope slidelhe
specimenswere imagedusing an LEDvith a camera exposure time of 100 ms and
captured an image every 15 seconds for a duration of 30 minltgdeter Tinning
(Figure3.13 and Figure 34). The $x-time pointimageswere shownfor both a SW setup
as shownn Figure 3.8, anda widefield epifluorescence technique as shownkigure
3.14.

Figure3.13 Cropped and contrast adjusted SW images BB The frames present
as af are at time points 15360, 720, 1080, 1440 and 1&00
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As wasobservedfrom the above Figure 331 SW microscopy revealgyeeater amount
of topographical information of the RB@hen compared with widefield egluorescence
Imaging It was also apparent that both RBC appear to flatten and undergo membrane
deformations at approximately the same rate regardless of wimaygingtechnique was

used.

Figure3.14 - Cropped and contrast adjusted widefield-porescence images of a |
blood cell. The frames presented atae at time points 15360, 720, 1080, 1440 a
1800seconds

3.4 Discussion

As with chapter 2, all previous applications of SW microscopy have utilised lasers sources
for excitation[14], [72], [75], [122], [127] However, here an LED source was used for
illumination. Thus, it was important to confirthat the experimental antinodal spacing

and FWHMs were comparable to the theoretical values, when the SW was generated
using LED illumintion. To do this, the model fluorescent lens specimen imaging
experimentscarried out byAmor et al.was repeated, butwith media of different
refractive indices betweeithe specimen and the mirror. It was found through these

experiments that | was able to obtain, in all media, amddal spacings and FWHMs
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whichwere not significantly different from the theoretical values with a percentage error
of less than 3%flhis was imprtant asmodestassumptiors about the antinodal FWHM

positions was required for the 3D reconstruction.

The contour mapped 3D structures were encoded in the 2D image. Thus, &rwas
important aspect to be able to extract meaningful data axial informaftiom the video

rate data. Therefore, | developed a computational method which extracts and segments
the 3D antinodal information (The arnodal spacing was confirmed using a lens
specimen). However, for the RBC this did require some assumptions to de= lmaged

on a healthy RBC membrane morphology for both the nodal andnaaial regions. It
should also be noted that th8W fringes mirreside of the cell are very good (flat and
equtdistant), but that the apical surface of the cell is more problemttionage with

this method because the quality of the SW fringes degrades away from the mirror
surface,as thesimulation of SW structuréhad shownwhen using the high 1.4 NA
objective lens a large drop foih intensity. As a result, thassumption was madthat

there were only ever three nodal planes.

In specific circumstances, the method used for -anatilal separation was unsuccessful
and fewer than the full 2000 frames could be reconstructed in 3D. This occurred when
images contained bright spots betweé#me antinodal planes, which | beliedevas due

to free dye clumps, sbwasunable to assign axial heights to these objects. The other
situation was one where any planes were broken, which often arose from either the
incorrect interpolation of the nodalegions, or due to the lack of data points caused by

multiple antinodal contacts.

The script was capable of automatically removing images which had too few or too many
object edges compareid number of assumed nodes. Any subsequent frames missed by
the automated method had to be removed manually from the 3D reconstruction movie
and in the data presented here this only amounted to three frames of 984. To check for

the best surface model foeconstruction, a simulated ideal lens data with deformations
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was created. bbserved oscillations in the polynomial interpolatjgarticularly at higher
order polynomialffits, this is known as Runge's phenomenBalynomial interpolation

for 3D reconstruton was limited to fitting to ideal surfaces where no deformations in
surface morphology exist. In reality, cellular structures are complex. Therefore,
polynomial fitting would not be suitable as it would create artefacts in the
reconstruction. In contrasthe piecewise cubic interpolation fitkata point to datgooint
which created a 3D reconstruction which resembled the extragtegiandz data. As a
result, the accuracy of reconstructioelied on the accuracy of tHeWHM axial locations

extracted fron the threshold SW image.

Through the application the computational methodnd subsequent removal of
incorrectlyreconstructed framesl was able to generate movies that contained up to
981 frames from th&000raw SW movies. Using the computational teicjue described,

| was capable of taking a widefield SW movies acquired at 30.30 Hz and output 2D
reconstructions in approximately 10 seconds for the full thousand frames and 3D
reconstruction in approximately 10 minutes for 981 frames. The CPU RAM requised

64 GB, however, it could be possible to split the SW movies into a smaller subset of

frames and process them individually to reduce memory consumption.

As this study was conducted over a time period it was investigated whether the SW
technique causedny further photatoxicity to the specimen compared to widefiedgi-
fluorescencamaging. ie RBC 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[128]. Forcomputational reconstructionis onlylimited by the experimental
conditions and it appeared that SW fringes could be observed clearly at 360s and start
to disappearat 720sin the timelapse experimentsTherefore, as longsthere was a

clear spatial separationf SW fringes in the RBC imagasreconstruction could be
obtained for imaging times up to 720s the study of Wong et. al128], it was found

that membrane damage occurred even at low laser powers as the result of reactive

96



oxygen species being generated via phb@molysis. This process has been
hypothessed to be due to interactins between the reactive oxygen species and the
membrane proteins, band 3 and spect[ii28], which has also been reported in studies
using widefield illuminatiorj129], [130] However,it was shown thatn the SW RBC
videorate experiments no photdoxicity effeds over the 33 second duratiozould be
observed. Photobleadhgrates are comparableverthe 33 seconds with both widefield
and SWllumination. Photobleaching is Bmitation for the computational methodThis
occurswhen the amount of photobleaching observed reducesftherescencentensity,
suchthat the intensity thresholding cannot distinguish well enough between background

and theanti-nodal planes

Interference reflection microscopy (IRM) has also based previously to image R8C
allowing the specimens to be imaged without using a fluorescent probe, and results in
images that resemble those obtained when usithg SW technique[131], [132]
However, the Curtis model of IRis been shown to be inconsistent with membrane
topography measured by other methods. For example, Gingell, [gi3d] measured the
thickness of the space between coverslip and the membrane of chick fibroblasts by
including a cell impermeable fluorescent dye in the extratailspace and found by total
internal reflection fluorescence microscopy (TIRF) excitation that there was close contact
(shown by dye exclusion) over almost all the area of the cell facing the coverslip and not
just in the ‘close contact zones' or 'foealhesions' seen in IRM. They also remarked that

a dark peripheral band was seen in IRM of some cells, which had no counterpart in the
TIRF image. They speculated that the IRM image was influenced not by the membrane
topography but by the thickness of thgtoplasm in that region. More recently, Iwanaga

et al.[134]used a standingvave method similar to ours, in which the highly hydrophobic
dye Dil was used to stain theslt membrane specifically, and, again, there was no
evidence for the 'close contacts' that were interpretations of the dark zones in IRM.
These authors raised the cell membrane ingeniously on silica microsteps away from the

reflecting layer and showed thathe contrast changes were as expected if the
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membranes followed the steps faithfully and were excited at the-antial planes in the

SW pattern, demonstrating that their method, which they calleé@luorescence
Interference Contrast' (but which was in factSdVmethod like ours), was a reliable
method for studying membrane topography, whereas IRM was not. Not only is IRM
ambiguous, in that it cannot be assumed to report membrane position, but IS a
affected by scatter so that absolute values for axial distances and resolutions cannot be
obtained from the observed contrast in IRM images. The SW method provides an
unequivocal axial ruler related to the wavelength and refractive index of the medium
and, since it involves a specifically localized fluorophore, it reports the position of the
membrane unaffected by cytoplasmic contents. Additionally, this resultexhi@asier
theoretical model for understanding the fringe pattern observed in a SW inwlgieh

would allow for less assumptiombout the specimens to create3D reconstruction

Many supefresolution microscopy techniques can provide a spatial resolution
improvement both axially and laterally, something which would not possible in SW
microcopy. There will be circumstances where SW microscopy would not be a suitable
technique, such as when very high lateral resolution would be requEven with this
limitation, videarate SW microscopy was carried out amkich allowed for observation

of rapid membrane fluctuations and the morphology of BBtThis is aadvantage for
researchers looking to investigate membrane flickering and the biomechanical
characteristics of RB[®3], [95], [135] or the behaviour of diseased or healthy RBC
undergoing morphological chang@®7], [136[139]. The high temporal resolution of

our technique has allowed us to observe rapid membrananges in real time which
appears to indicate that the entire membrane is in motion with whoddl vibrations
being observed and small movements takpigce at the concave surfacehdugh the
ability to observe whole cell movements with supesolved adl sections
demonstrates that our 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 membfag
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though the majority of this boundary inhabits a nodal plangasunable to observe the
very small membrane dimplingvhich are on the order of approximately 40 nm, that
have been observed irtler studies usinguantitative phase imagind 38]. Ths was to

be expectedas thedimplesare not large enough to cross the boundaries between an
anti-nodal or nodal planeassmallaxialmovements {100 nm) withinthe planescould

not be resolved

It should be noted that some other supsgsolution microscopy techniques may require
the use of specific dyd45], [16], [140], [141]whereas SW microscopy was compatible
with standard fluorescent membrane dyes commonly employed in widefegd
fluorescencamicroscopyAnother advantage of utilising SW microsce@s that it could
be performed using a typicalidefieldepi-fluorescencemicroscope with the only change
required for specimen preparation being the replacement ahiaroscope slide with a
mirror. Whereas some other supeesolution techniques may require the use of

specialist microscopd49], [59], [65], [142]

It is also common to find that supeesolution techniques typically sacaé temporal
resolution in order to increase spatial resolutifi®3], [144] whereas SW was able to
improve the widefield axial resolution by a factor of approximately 8 and maintain high
temporal resolutiom imaging of live cell specimens in 3D. This was not possible in the
work carried out by Amor et al. as they utilised a scanning confocal microscope for
imaging[72]. The ability to carry this out on a widefiedgi-fluorescencemicroscope also
allows for the possibility of multiple RBC to be investigated simultaneously which could

be an advantage for diagnosis or studies requiring a high data throughput.

Lastly, the computational technique for a 3D reconstruction of RBC was not applied to
the P.bergheiiRBC, this was primarily due to the structure of the iIRBC. In the
computational method abovel assumed a concave structufer a healthy RBC.
However, RBQhe geometric structure wagar more complex due to the presence of

the parasite in the cell membran&hus,the limitation of this computational method
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wasthat the known geometric directiorwasrequired However, thisvasnot possible
using asingle exdtation wavelength SWapproach as this leads to ambiguityof
directionality was observed with theell membraneof SW iRBC imageasshown in
Chapter 2 Development of additionalSW techniques would be requirednd
characterised on model specimen befoteetapplication to the unknown geometry of
cells.Furthermore the application of SW microscopy with a singlavelength waslso
limited when a complete topographical map of the specima&uld berequired, because

of the contribution of nodal planem the final imagewhich resulted in periodic bands

of missing information.In the next chapter, | will discuss the TartanSW approach as a
possible method to overcomehe limitations of single excitation wavelength SW

imaging.

3.5 Conclusions

In this chater, | described a new computational method for extracting data from SW
movies or images. Using existing segmentation techniques, which firstly extracted the
2D anti-nodal plane information. Videgate widefield SW RBC data sets were captured
at 30.30 Haover 33 seconds which captured 1000 frames, and by application of a 3D
reconstruction method, it was possible to create a 3D reconstruction of 981 out of the
1000 frames. This method meant that 3D data encoded in the 2D SW RBC images could
be extracted ané 3D visualisation of the bottom concave surface of the RBC in contact
with the mirrorwas producedIn future, this could allow for further quantitative analysis

to be carried outon the RBC membran®@D morphology over timeHowever, the
limitation of the singlewavelength SW approach was thatequireda priorknowledge

of the specimen, which would make it difficult to reconstruct complex or unknown
cellular structures. This would require a SW technique that could encode additional

information about he directionality to gain further insiglihe 3D shape of the specimen
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Chapter 4

TartanSW multdexcitation and multr
emission SW imaging of lens specimens,

MCF7s and red blood cells
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In this chapter, | report three new mulivavelength SW techniques called TartanSW
multi-excitation, TartanSWmulti-emission and DiffSW. | developed a theoretical model
for the TartanSW method which considered the contribution of both the excitation and
emission SW. | simulatdtie TartanSWnethodover an axial range ofBum in MATLAB,

and then comparedt with af = 48 mm fluorescently coated lens specimen orageb
aluminum microscope slidel observed a similar spectral signature between the
experimentl and simulated data for both TartanSW techniques. Furthermore, it was
noticed that when the simulated mod&Wdata was compared with thexperimental

lens specimerSW data hagdthe resulting spectral signature and intensity modulation
observedwas diffeent depending on the reflective substrate usddconfirmed that
there was an improvemeni the modulation gapreduction wherusing TartanSW muti
excitation oversingle wavelengttfS8W excitation. Next,demonstrated thatTartanSW
techniques couldbe applied to biological specimens by imaging both RBCs aner ML
(grown on mirrors and stained with Dil by Peter Tinning, University of Strathclyde). Lastly,
the DiffSW method was applied to TartanSW mekcitation images with a theoretical
model | gaerated in MATLAB. The simulated DiffSW data was compared to the
experimentalDiffSW imagesbtained using the TartanSW mudtkcitation CLSM image

of af = 48 mm lens gecimen. ldemonstrated thatthe DiffSWresulted in an axial

resolution improvement of 45 nm over TartanSW mudixcitation.

4.1 Introduction

| aimed to provide a theoretical model for TartanSW mektitation, multiemission and
DiffSW microscopywhich | simulated in MATLAB. This was das& understand the
TartanSW and DiffSW methosigectral signaturesbservedandhow they compared to
the experimental TartanSW and DiffSW data. Firstly, TartanSW-exaltation was
modelled alongside the experimental lens specimens datadaedo the SW anthodal
locationbeingdependent on the ecitation wavelength this resulted in amodulation

gapredudion over single wavelength SW. Secondly, | utilised the emission SW to further
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map the geometry of lens specimenghich had taken advantage of the intensity
modulations thatveredependent on tle difference between the excitation wavelengths
and the narrow emission detection band. This demonstrated that the spectral signature
would help gain further axial information about the specimen geometry wittzoptiori
knowledge A simulation of theheoretical TartanSWhulti-emissiormodelwas required

as a method to compare thexperimentally obtained model lens specimefth the
theoretical SW model. Lastly, théifference method which was a peatquisition
technique to improve the resolutioof SWinagingwas achieved bgpplication of image
processing of the TareBW multiexcitation images. dain it was simulated and
compared to the theoretical model. Once characterised, the TartanSW and DiffSW
techniques were applied to biological specimens (Whigcas done alongside Peter
Tinning, University of Strathclyde), to verify the application of TartanSW and DiffSW in
biological specimens and that the observed spectral signature was similar to the

theoretically modelledrartanSWiata.

All previous work irBW microscopy had adopted a single waveleragproachwhich
was used to excite the fluorophore bound to the structure of inteddst], [72k[74],
[120], [122], [123], [145]Lanni et al. used SW imagitgoptically subsection with a
plane thickness and axial resolutionadn [13], [14], [123] More recently multplanar
SWimaging which periodically intersects a fluorescent stained specimenas usedo
produce a precise contour map of the geometry tdras specimen and RBCs wathingle
excitation wavelength72]. The main disadvantage with single wavelength rpléinar
excitation SW was the inherentodulation gaf f 50%, due to the nodal regions of the
axial structureof the SW pattern containng no information about the specimen, as
shown in Figurd.la. To overcome this issue, multiple excitatieavelengthSWimages
were obtained separatelyThis was advantageoysasthe three different wavelengths
would correspond to different axial locatisydue tothe anti-nodal plane positionbeing
dependent onthe excitationwavelength €/2n). Therefore, the multiple excitation SW

approach could reducehe overall information loss when compared to single
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wavelength SW imagingevealing more information about the specimen as shown in

Figure4d.1b.

0.5

Normalised Intensity

Distance (nm)
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Figure 4.1-This diagram shows the principle of theodulation gap reduction usir
TartanSW multexcitation. a) A single wavelength at 543 nm wigzed and there wz
clear periodic structure with an information gap of 50%. b) Three excitation wavel
at 488 nm, 514 nm and 543 nm have been psetmoured in blue, green and r
respectively. The spectral separation observed was a result ofl#tiweegositions of th
anti-nodal spacing locations changing due to their wavelength dependence. 1
reduction in the information gap of 44% could be theoretically obtained over a-

excitation wavelength i.e. a reduction of the black nodal regjiarthe colour map in &
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Drexhage conducted experiments which utilised highly reflective gold and silver coated
microscope slides, on top of which was a stair like succession afl@gEswhichwere
coated with a monolayer of fluorescent d{s46], [147] By illuminatiig the fluorescent

dye layers with light at the excitatiomavelengthof the fluorescent dyethe resultant
fluorescence emission intensippservedwas dependent on thentensity of the electric

field of the SW146], [147] Lambacher et al. utilised this approach for fluorescence
interference contrast microscopy (FLIC) ancgped fluorescence intensiigs a function

of height of fluorescent labelled ceby creating eSimirror with stepped Si@layersat
known heights values. Additionally, it was observed that the fluorescence emission self
interference generated an emissi@nd excitation SW simultaneously, and as a result

this created a modulation in the fluorescence intengits7].

Elsayad et al. demonstrated usilagerscanning in reflection method with fluorescently
labelled cells grown on a dielectric surfadbat with the application of a narrow
detection bandwidth of < 21fim, an axial distancelependent spectral signature could be
obtained[75]. Finally, work by Amor et dI72], utilised the effect of the emission SW to
create a modulation in the fluorescence intensity. Their approach was to capture images
with a CLSM of a fluorescently coated lens specimen. By application of an emission
detedion at 5 nm bandwidth centered at 55dm, 560 nm, 570nm and 580 nm A
modulation was detected due to the presence of bditle excitation and emission SW.

To comfirm the presence of a emission S&Vlaser line filtewas placed below the
specimeninstead of a mirror, which resulted in supression of the excitation SW with only
the presence 08580 nmemissionSW. Moreover, by subtracting the excitation SW from
the emission SW resulted in a modulation identical to the moiré pattern obtained
experimentally at 580 nm. As a result, it was demonstrated that the modulated field
amplitude was the difference between the stokes shift of the excitation and emission

sSwq72].
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| set out to utilise the method presented by Amor et al. and use three different 5 nm
narrow band detection channels to create an intensity modulation theturred at
different axial locationsBy encoding multiplespatiallymodulated iriensity patterns,
which was dependent on the detection wavelength, it could be utilised to gain further
spatial information not available when using a single detection chawwlitionally, |
aimed to use the both TartanSW mudtkcitation and multemisson methodsto remove
axial ambiguity that was inherent in single colour SW microscopy withoptiori
knowledge of the specimen. This was achieved by using three psmldored red,
green and blue channefsr each of themultiple emission and excitation wavelengths
which may reveal directionality about the specimen. Figure 4.2 demonstrated the
principleof the SW plane orderingyvhere a convex and concave with tresultinganti-
nodalplane order The intensity variatiorwhich resulted in the pseudoolour ordering,
was due to theSW intersectinglifferent axiallocatiors. This is created bghifting the
anti-nodal positiors using multiple excitation wavelengths (mudtxcitation), or the
modulation in the intensity by ging multiple emission detection wavelengths (multi
emission) The resultin both of these casesyas the colour orderingobservedwas

dependent on the specimen geometry.
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Figure4.2 ¢ A simplifieddiagram to demonstrate how the intersection of mult
wavelengths used in TartanSW could be utilised to remove ambiguity of direc
single wavelength muHlplanar SW microscopy. Here two different geometrical s
are shown above a) a convex sudaand b) a concave surface. The concentric
below each of the geometric shapes demonstrate how the projection of the

wavelengths onto the 2D lateral plane results in colour ordering changes.

4.2 Theory of TartanSW muklgxcitation andmulti-emission

A theoretical expression for the TartanSW muabkcitation and multemission was
required which would describe the axial intensity profile due to the presence of both the
excitation and emission SW. Hethe assumption was made that when(al5 NA
objectivewas used forartanSWmagingof the lens specimerthe effectof the objective
lenswas negligible over the small axial regiomged. This was becaygie full axial
PSHKangeof a 0.19\A objective lensras much larger than the smalial region image

The fluorescence emissipulue to the excitation SWwas observed at the spatial
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frequency of the excitation wavelengtiihus, as stated in previous chaptethe

excitation SWs given as,
"0Qa®n Op Al 6—a&) (4.1)

where zis given the axial heightexcis the excitation wavelengi is the refractive of
mediumand|, is the constant intensitySecondly, there was the presence of a secondary
SW due to thefluorescenceemission whichwasreflected from the mirrored surface
[76], [77], [147], [148]Modelling the emission interaction wa®ne by considering each
fluorophore as a randomly oriented oscillating dipole emitte4§, 15Q. As fluorescence

is a spontaneous procssthe fluorescent emissionould be incoherent with the other
fluorophores that havealso been excited within the fcal volume. As a result,
interference of the emission is only considetedccurbetweenthe direct and reflected
rays of eaclndividual fluorophorewhich in this chapter is considereddocurat normal

incidence to the mirror surfacand can be expresed as:
0Qai Op Al 6—q) (4.2)

where, <emis is the emission wavelength armdis the axial height from the mirrored

surface.The constantintensityamplitude lo, is unknown Howeverthe intensity for both

excitation and emission SW Eqn.4.1 and4.2will be proportional tol-cos—— @) and

1- cog ), respectively.To account for thegange of emission wavelengthisthen

integrated over the detection bandwidth, as a result eqn. 4.2 becomes:
0Qa i p Al 6—a Q (4.3)

Now, Egn. 4.3 gives aexpression for the emission SW. The full contribution of both the
excitation and enission SW could be determined amlcalculatedby a convolution
between the excitation and emission wavp®], [76], [77]As a result, the effective

intensity pattern observed is proportional ito

108



O p Al 6-a 7 p Al 6—a Q (4.4)
4.3 Experimental methods

4.3.1Fluorescenthabelling of specimens

Afluorescently coated lens specimen was prepared as in chapter 2.2.1 and stained with
Dil as a method to characterise TartanSW neptitation and multemission methods.
Again, RBCs stained with Dil were prepagslin previous chapterand adhered to a

poly-L-lysine coated aluminum mirror (Laser 2000).

MCF7s, an established breast cancer cell line, was used as a method to characterise the
TartanSW in eukaryotic cells andas prepared by Peter Tinning (University of
Strathclyde) MCF7s were grown onmaluminum mirror (Laser 2000) and transferred
into a glass Petri dish using tweezarkPES buffered saline (HBS) containing (in mM):
NaCl 140, KCI 5, MgCI2 2, HEPES-gddse 10 and CaCl2 2, pH Budfer was added

until the mirrors were completely covered, gently rocked. Next, the buffer was
exchanged for 4 ml of new HBS buffer and used to cover the mirrors. To stain the MCF
7s, 20 pl of Img/ml Dil in DMSO was added to the 4 ml of HBS buffer eufeth dish

gl a O2@SNBR yR 3ASydafe akKlF{Sy F2NI m K2dzNJ
washed off after incubation by exchanging the HBS buffer at least twice, thew

a0l AYySR OStfta ¢gSNB ailaskwéll platéiwito HBBuffer and R A y O«

covered with aluminum foil until they were ready to be imaged.

4.3.2TartanSW multiexcitation and multiemission imaging

TartanSW multexcitation was carried out on Dil labelled specimeith three different
excitation wavelengths which were selesd using the following criteria: the three
excitation wavelengths selected must be within the spectrum of the dye excitatidn
were sufficientlyspectrally separatedrom each other This maximises theodulation

gap reduction due to he phase dependemrcof each SVén the excitation wavelength.
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As a result, the excitation wavelengths selected were m#3514nm and 48 nm with

fluorescent emissiodetected over a 100 nm range between 5680 nm.

Excitation Emission

Spectru Spectrum

v

450 500 550 600 650 700
Wavelength (nm)

Figure4.3 ¢ A representation of how the Dil spectrum wadised for TartanSW mul
excitation. The red (543 nm), green (514 nm) and blue (488 nm) were the lase
within the dye excitation spectrum and in orange was the emission spectrum rep

the 100 nm fluorescent emission detection.

TartanSW multemission was excited at a wavelength of 514 nm and fluorescent
emission wascollected simultaneously on three different PMT channels at 5 nm
detection bandwidths, using the Leica SP5 spectral detector (HigdyeThe detection
channels were set to 56372 nm, 592597 nm and 61622 nm forthe lens specimens
and MCF/ cells. ThérBC used an excitation wavelength of 514 hawever,| shifted
GKS SyYyraaarzy RSGSOGA2y o6FyRa G2 | Y2NXB
550555 nm, 56570 nm and 57%80 nm, respectivelyFor RBC imaginga high
magnification (100x) objective lens was requiegalconsequentlythe image brightness

was reduced
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Figure4.4 ¢ a) A schematic diagram of the Leica SP5 used for TartanSWemissiol

where a single excitation wavelength is used to excite the specimen with a mirrol
the specimen. Emission was detecsatiultaneoushat three different PMTs with 5 r
detection bandwidths. b) A diagram which represented how the wavlengths se

were applied to the excitation and emission spectrum of the Dil.
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TartanSW multexcitation and multemission imaging of fluorescent labelled specimens

were captured using a Leica DM600 confocal microscopef = 48 mm lens specimen

was placed under a HCX PL FLUOTAR 5.0x 0.15 dry objective lens and imaged using three
different plane reflectorsthese included: a dielectric mirror (BED2, Thorlabs), an
aluminum mirror (TFR0C0310, Laser 2000) and a bare aluminum microscope slie (

AL:-134, Dynasil) with no protective coating. Images were captured at an image fsize o
2048 x 2048 pixelwith a scan speedf 100 Hz A3-frame average and a digital zoom of

2.01x was applied to the image.

MCF7s were grown on an aluminum mirror (Laser 2000) and imaged in a buffer medium
of HBS with 4% BSA with an HCX AP&/L 40.0x080 water objective lens. TartanSW
multi-excitation images were captured at 4096 x 4096 pixels and imaged with a scan
speed of 100 Hz and aliBe average. TartanSW muémission images were captured at

2048 x 2048 pixels with a scan speed of 100 Hz &aliha average.

Finally, RBCs adhered to an aluminum mirror (Laser 2000) were imaged using a HCX PL
FLUOTAR 100.0x1.30 oil immersion objective lens. Images had a frame size of 512 by 512
pixels at a scan speed of 200 Hz with an 8.9x digital zasmg a dine averageFor
TartanSW multemission RBC imagiran image size of 1024 by 1024 at a scan speed of
100 Hz with a 10.6x digital zograsing a3-frame average.Oncethe images were

captured, they were stored as .tiff files and the metadata was storeal .affile format.

4.3.3Analysis of TartanSW lens specimen data

In F1J] the lens specimemartanSW image/as cropped and a Gaussian blur of 2 was
applied to remove nois In MATLAB, a radial line profile was taken from the centre of
the TartanSW image outwards, and by uding. 2.6, the radial distance was translated

to axial height. As a result, an intensity profile was plotted against axial height (Height
from Mirror) over the range oz = 5 ym. An axial range of 5 um was selected as to

characterise the spectral signature over a large axial distancemblelation gapvas
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calculated by using th&ndpeaksfunction in MATLAB, where ongnti-nodal planes
(peaks)that have a normalised intensity of above 0.1 and a peak separation of 100 nm
were detected. From this, the measured FWHM vdatermined and the minimum
FWHM boundary from the shortest wavelength (488 nm) and the maximum FWHM of
the longest wavelength (8inm)were extracted. This was repeated for nine anbodal
planes, as to keep the comparison consistent over a known range aalidbe SW
images. To calculate threodulation gapthe nine 543nm and 488 nm FWHM boundaries
values were subtracted and theesult for each boundary was added together to
determine the total contribution of thelartanSWmulti-excitation method. Next, the
total contribution was subtracted from the total distance over the tenth nodal plane. The
percentage of information gain be®en the TartanSW mulgxcitationmodulation gap

and a single wavelength of the 543 nmere subtracted from one anotheiThe 543 nm
wavelength was used as the comparison; #e previous SW Dil single excitation

wavelength imaging was carried out usingd®Hm excitation wavelength.

The TartanSW muilgmission was analysed using the theoretical amplitude modulation,

<mod, @andwas calculated using the following equatipt]:

— — (4.5)

where, <emisis the emission detection wavelength anrdycis the excitation wavelength
For a S\Wthe theoretical spatial frequencyswmog Of theintensity modulationis given
by [72]:

— (4.6)

where, nisthe refractive index of the immersion medium. The spatial modulation of the
experimental data was obtained using a line profile from the centre of the TartanSW lens
image The TartanSW mulémission intensity plots were obtained from the
experimental images in MATLAd&d from these plots two different minimahtensity

values ofthe intensity modulationwere determinedmanually extracted.This was
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calculatedsubtracting the two intensity modulations from one anothand as a result

obtained the experimental spatial frequenofthe modulation intensity

4.3.4Difference Method for &rtanSW imaging

DiffSW images &re obtainedby the application of postacquisition image processing of
the TartanSW mukexcitation images. In MATLAB, the theoretical DiffSW was simulated
for the 543 nm, 514 nm and 488 nm excitation $#d the emission detection was
simulatedover a range of 55650 nm with an axial range of z =®um, usingEgn. 4.4.

The DiffSW was simulatexhd by calculating the absolute differenbetween the 514

nm and 543 nmand the 488 nm and 514 nm excitatisravelengths. Mathematically,
the difference method intensityld#) was calculated by takinthe modulus of the

difference betweerthe short and lmg excitation wavelengths and is given by
‘0 ‘0 ‘O 4.7)

where,lswshoriSthe intensity of the shortest excitation wavelength used #wlongisthe
intensity of the longest excitation used. In practice, this was achievédJiby taking
each channel and using the image calculatdfli}j a compositemagewascreated as a
colour merge of the greened channelwhich was pseudaoloured redand bluegreen
channe] which was pseudaoloured green. The two composite images were merged to
create the final redgreen DiffSW image. The resolution of théf®iV method was
calculated by selecting a line profile from the centre of the lens specimen image
outwards over a range of z = 0 tquB. Thefindpeaksfunction was used in MATLAB to
extract the FWHM values at minimum peak separation of 50 nm with noredapisak
intensity of 0.05. Once the peaks were detected, the FWHM was extracted for each anti

nodal peak ad the mean FWHM was calculated to obtain the resolution.
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4.4 Results

4.4.1A comparison of simulated and experimental TartanSW

multi-excitation

In the first instance, | simulated TartanSW megticitation inMATLABoO characterise

the multi-excitation method using the code in AppendMlIl The three excitation
wavelengths selected were 543 nm, 514 nm and 488 nm over an axial rargeOdh

um andwere simulated using eqn. 4.The resulting profile shown iRigure 4.5a. It was
noticed, as each excitation SW propagates away from the mirror surface there was a
gradual separation between each of the excitation wavelengths. As a result, the anti
nodal plane coincide at different locationsvhich indicated more informatioabout a
specimen could be obtained. Each of the excitation wavelengtare assigned a
pseudacolour of red, green, and blue fronthe long to short wavelength Now, the
simulated normalisd intensity profiles were combined in MATLAB to generate a spectral
representation of the axial intensities at different axial heights. As was shown in Figure
4.5a,for the first antinodal plane the overall fringe structure was white due to little
spectral separation between ead the excitationwavelengtls. Thiswasexpected,as

the SW propagateseach of the excitation SWs become more -ofHfphase wave with
respect toone anotherover the axial range. Once the relative phases were fullyobut
phase, such that the nodal plane of one excitation wave overlapsamibtheranti-nodal

plane position, the spectral signature revetsa orderuntil the waveswvere in-phase.

Now for comparison, | considered the effect of the emission contribution odetected
emission wavelength of 550650 nm which was calculated usirign. 4.4. There was a
reductionof intensity, with an observable modulation in the intensity, particularly within
the first three fringes of the 514nm and 488 nm excitation chanreeshowrnin Figure
4.5b. Again, it was observed in Figdr&that the spectral signatureolour map changed

over the axial distance, due to the relative phase relationship of the excitation
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wavelengths. An overalinodulation gapreduction of 34% was calculated fathe

theoretical profile in Figurd.5b.

b) 1

0.
0.1 j
o

Height from mirror (zm)

Figure4.5 ¢ Simulated TartanSW mukixcitation using only Eqn. 4.1 for an excita

wavelengths of 543, 514 and 488 nm over an axial range-5 @ shown in a). b)

representative of the pseuewmlour channels overlapping with the resultant spe:

signature
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Next, | sought to confirm that the spectral pattern simulated could be produced
experimentally Af = 48 mmDil stainedens specimen was imaged using three excitation
wavelength atthe 543 nm, 514 nm and 488 nm laser linesvith mission detection
captured between 55@50nm. TartanSW muléxcitation was repeatedising three
different substrates a bare aluminum coated microscope slide, a dielectric mirror and
an aluminum mirror All images re contrast adjusted and cropped with a Gaussian blur

of © = 2 applied to the image.

Firstly, to best replicate the simulated dataused a bare aluminum microscope slide
which has no spacing between the reflective aluminum substrate and the lens specimen.
In Figire 4.6a¢ c,is each of the excitation image and the resulting merg&B images
shown in Figure4.6d. A radial SW pattern was observed where each wavelength
intersects the fluorescently labelled lens specimen. Furthermore, a spectral signature
was obseved with a radial dependence on the radius of curvature of the lens specimen.
The experimental spectral signature observedesembled the theoretical spectral
signature inFigure4.5b. Additionally, a radial line intensity plot was taken from the
centre ofthe radial image and converted to height from the mirror. A comparison
between the simulated TartanSWFigure 4.5a and b and the normalised intensity plot
shown in Figuret.6e, demonstrated that a modulation effect was present due to the
emissionSW Ths was particularly evident in the blue and green channels, where there
was a clear reduction in the intensity of the third and fourth, and fifth and six fringes in
both the simulated (with emission contribution Figure 4.5p andthe experimental

data. Anally, the experimentainodulation gapreduction was calculated to be 42%.
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Figure4.6 ¢ A TartanSW mukexcitation image of a f = 48 mm len specimen image

a bare aluminum microscope slide. Esia wavelengths were detected between £
650 nm, with the images captured at different excitation wavelengths of a) 543 |
514 nm and c) 488 nm. d) An RGB image of imageseaulted in a spectral signatu
e) A normalised intensity profile frometltentre of the image out towards the left el
of the image. The radial distance was converted to axial height from the mirror fc

excitation wavlength using Eqn.2.6.
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To demonstrate the effect of the TartanSW medixcitation on an aluminum mirror
(Laser 2000) and dielectric mirror (Thorlabs)f& 48 mm lens was imagessing each
mirror. The composite RGB memjemages were shown in Figuré.7a and c,
respectively. It was observed that the spectral signature was diftefor each of the

reflective substrate used.

TheTartanSWmulti-excitationimages capture@n an aluminum mirror werghown in
Figure4.7a The spectral signatureaptures using the aluminum mirrappeared to be
shifted relative to the simulated (Figuee5b) and the experimentally obtained lens
specimenimagedon a bare aluminum microscope slide (Figut®). A normalised line
intensity profile of the aluminum mirror shown in Figuée/c, demonstrated thathe
shift of the antinodal plane corresponded to the antbdal plane close¢do the mirror
surface. This was observed with respect to the intensity profiles of the simulated and
bare microscope slide in Figufe5b and Figuré.7c, respectively. The axidlit was
estimated for eaclof the excitation wavelength of 543 nm, 514 nm and 488 fAimdo
this, the normalised intensity values at z = 0 was acquired from Fiydteand used to
estimatethe axial shift from theequivalentnormalised intensity valuesfdhe second
anti-nodal plane in Figurd.6e. The axial shift for ea@xcitationwavelengthwas 295
nm, 295nm and 298 nmwith an average axial shift of 2861 nm. Lastly, anodulation

gapreduction of 48% was calculated when an aluminum mirror was.used

The TartanSW muigxcitation image obtainedusing a dielectric mirroi(Figure4.7c)
showed a different spectral signature than the simulated TartanSW -exditation in
Figure 4.5b. However, due to the spectral signature each of the axial offsetiffieaent
for each excitation wavelength useds a resultit was more difficult to calculate the
axial offset, aghere were no obvioudlirectly comparable points in the dielectric

intensity profile (Figurd.7d) compared to the bare aluminum microscope slide intensity
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profile (Figuret.6e).The axial offsets were estimated to be 215 nm, 316 nm and 331 nm

for the 543 nm, 514 nm and 488 nm excitation wavelengths.
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Figured.7 - TartanSW multexcitation images of a f = 48 mm lens specimen which
excitation wavelengths of 488 nm, 514 nm and 543 nm, which were ps=lolare(
blue, green and red, respectively. a) An aluminium mirror (Laser 2000) RGB cc
image and b) the normalised intensity profile of the lens specimen. c) Thorlabs d

mirror RGB composite image and b) the normalised intensity profile of the lens sp
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4.4.2Simulated and experimental comparisamsed for

TartanSW multdemission

TartanSW multemission was a technique that was utilised to create an intensity
modulation caused by the presence of both the excitation and the emission SW. To
characterse TartanSW multemission, | simulated theffect ofanexcitation wavelength

of 514 nm andwith three different emission wavelengths at 5&72nm, 592597 nm

and 617622 nm which were pseudccoloured blue, green and red, respectively
(Appendix IX)In Figure 4.8a, a beating pattern was obserwdiich was dependent on

the difference between the excitation and emission wavelengths. The theoretical
intensity modulation was calculatedsing Eqn. 4.5 anBHqgn.4.6, which gives values of
2637 nm, 1898 nm and 1509 nm. The normalised intensities for eatnelwasthen
overlapped to create a representation of the spectral signatuhge to the beating

modulation over the three emission detection wavelengths.

Normalised Intensity

|

2 25 3 3.5 4 4.5
Height from mirror (pm)

)
0 0.5 1 15 2 25 3 3.5 4 45 5
Height from mirror (zm)

Figure4.8 ¢ A simulated TartanSW mukimission normalised intensity profile over

axial range z =-6 um. Below a merged pseudoloured of the RGB image was gener:

using the simulated intensity profiles.
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To verify experimentally,raf = 48 mm lens specimen was used to characterise the
experimentalconditions of the TartanSW mufimission on a aluminum mirror(Laser
2000) Thorlabs dielectric mirror and a bare aluminum microscope slide. Images were
linearly contrast adjusted iRlJland a Gaussian blur o0f= 2 was applieth MATLABASs
before, toconfirm the TartanSW muigmission profiles, a bare aluminum microscope
slide was usedsigure 4.9a&c showed the modulation effect which varied for each of the
emission detection channels used. These images were merged to create an RGB
composite image shen in Figure 4.9d. The resultant spectral signature from the merged
image resemblé the colour ordering of the simulated data in Figuts. In addition,
Figure 4.9e shows a radial intensity profile taken from the lens image which was
converted to axiaheight from the mirrorusing the known lens geomet(qgn.2.1). The
intensity profiles for each channel of the bare aluminum microscope slide (FgRse
showed an intensity modulation whictesembledthe theoretical intensity profiles
shown in Figuré.8. Taken alongside the spectral signature, the experimental intensity
profile and spectral signature observédd a modulation that became larger as the
difference between the emission and excitation increased. To confirm that the intensity
modulation otserved was in agreement with the theoretical valtiee experimental
intensity modulation was obtained from Figue9e. The intensity modulatiomas
calculated for red, green and blue channels as 2600 nm, 1943 nm and 1592 nm which
gave a percentage erravhen compared to the theoretical values of 1.41%, 2.37% and

5.49%, respectively.
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Figure4.9 - TartanSW multiemission images of an f = 48 mm len specimen imag
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images ac resultng in a spectral signature. €) A normalised intensity profile fror
centre of the image was then translated from radial distance to axial height fro

mirror.
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To test the effect of using an aluminum mirror and dielectric mirror for TartanSW-multi
emission, & = 48 mm fluorescent lens specimen was imaged. The resulting composite
RGB merged images were shown in FeguiOa and c for the aluminum mirror and
dielectric mirror, respectively. As with the TartanSW metitation, the spectral
signature for the TartanSW mukmission observed was different for each of the

reflective substrates used.

When the aluminum nnror was used, there was the presence of a shift in the spectral
signature with the first antnodal plane missing in both the RGB image and line intensity
plot as shown in Figuré.10a and c. To quantify the axial shift, it was calculated in the
same manneas in section 4.4.1y comparing the bare microscope intensity plot (Figure
4.9e) with the aluminum mirrointensity plot(Figure4.10c). As a result, the average axial
shift was calculated as 2861 nm.Next, spatial frequency of the intensity modulation
observed in Figuré.10a and ¢ was calculated using the normalised Intensity from Figure
4.10c. For the aluminum mirror, the spatial frequency of the intensity modulation was
calculated as 2525 nm, 1774 nm and 1528 nm, with a percentage error of 4.25%, 6.53%

and 1.25% when compared to the theoretical values.

A comparison of the dielectric mirrpragain showed a spectral signature that was
different from the simulated and expenental data sets on the bare aluminum coverslip
and aluminum mirror The axial offsets were not immediately obvious, thus the first
maxima of the intensity modulation values were determined in both the theoretical
(Figure4.8) and experimental (Figu#el10d) intensity profiles. Next, the experimental
and theoretical values were subtracted for each channel to determine the axial offset.
The axial offsets were calculated as 195 8dtnm, 70 nm for the red, green and blue
pseudacolour channels, respectilye The spatial frequency of the intensity modulations

was calculated as 2699 nm, 1788 nm and 1546 nm. A percentage error when compared
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to theory was calculated as 2.35%, 5.79% and 2.44%, which was in good agreement with
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Figure4.10 ¢ TartanSW multemission images of a f = 48 mm lens specimen whict
an emission detection channels of 343 nm, 592597 nm and 61-622 nm which wel
pseudecoloured blue, green and red, respectivelyAa)aluminium mirro (Laser 200(
RGB composite image and b) is the normalised intensity profile of the lens spec
Thorlabs dielectric mirror RGB composite image and b) is the normalised intensit

of the lens specimen.
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The results so far, showed that the theoretical madiel Egn. 4.4 had predicted the
spectral signature captured with the bare aluminum microscope slide for both TartanSW
methods. In particular, the effecif the emission SW on the modulation bigt excitation
SW in both the TartanSW multexcitation experimental and theoreticedsults, was not
atrivial effect even with a 100 nm emission detection bandwidiext, e aluminum
and dielectric mirroravere comparedwith the simulated and experimeally obtained
bare aluminum microscope slide. It wasticed that the aluminum mirrohad anaxial
offset that was consistent in the both TartanSW mualticitation and multemission
imagingmethods However, the comparison of the dielectric mirror showsedpectral
signature which was not consistent with the theoreticahd the experimentally
TartanSW images captured with a bare aluminum microscope. Slideaxial offsets
calculatedwere different for each excitation or emission channel. Therefore, i wa
shown that the type of reflective substrate used effedtthe SWsignaturethat was

observed.

4.4.3Confocal TartanSW mulexcitation and multiemission

imaging of red blood cedl

The first application of TartanSW mudtkcitation and multemission toa biological
specimen was to use a RRIDe to its known biconcave structurth this instancean

aluminum mirrorwas used as the reflective surfaatich the RBCs were adhered to

TartanSW multexcitation wavelength imaging of RBC was performed usings4 514

nm and 488 nm excitation wavelengths. Each image was then psmldored (red,
green and blue) and merged to create an RGB composite image as shown idHigare

It was clear from the merged image that thenere spectral fringes. For each of the
concentric rings, the colour order observed was such that the blue fringes correspond to
the outer edge of the RB@nd the red fringes on the inner edge of the RBC. Interestingly,

this colour order was the inverse of wihaas observed with the lens specimen. Figure
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4.11bshows a radial intensity profile.gain clear antinodal planes were observed for
each excitation wavelengthwvith the redexcitationleading the blueexcitationtowards

the centre of the RBEoncave surface.
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Figure4.11 ¢ A TartanSW mukHexcitation image of a healthy RBC adhered t«
aluminium mirror (Laser 2000ith the three excitation wavelengths images merge
create an RGB image in a). b) A normalised lineitie plot through the RBC shown

each of the excitation wavelength$43 nm (red), 514 nm (green) and 488 nm (blu

Now, a RBC was imaged using the TartanSW -smigsion method with an excitation
of wavelength of 514 m and emission detection at 5855 nm, 56570 nm and 580

585 nm, respectively. Figurelfaa pseudecoloured red, green and blue image which
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were merged to create the RGB TartanSW rirtission image for an RBC. However,
the spectral fringes observeare very narrow and not as clear as the TartanSW multi
excitation RBC image in Figdr&2a This was apparent when comparing each detection
channel in the intensity plot in Figuré.12b, where there was very little spectral
separation and intensity moduian between each of therartanSWmulti-emission

channels.
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Figure4.12 - A TartanSW mukemission image of a healthy RBC adheaaminiurn

mirror (Laser 2000with an 514 nm excitation wavelengths. Images were merg
create a merged RGB image in a). b) A normalised line intensity plot of the yel
shown through the RBC each of the excitation wavelengths i.e. the&Bom (red
565570 nm (green) ah550555 nm (blue).
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4.4 4Confocal TartanSW mulgxcitation and multiemission

imaging of MCH cells

Next, | applied TartanSW muéikcitation and multemission imaging to a eukaryotic cell
line; MCF7 images were obtained using thregcitation wavelengths at 548m, 514nm

and 488 nm. Here, it was possible to see the fringe structure created by each of the
excitation wavelengths in the TartanSW images. | observed a fringe pattern around the
outer edge of the cellaseach of thedifferent excitation wavelengthetersectedat
different axial locations (Figuré.13a). As before, each of the three channels were
contrast adjusted and a lookup table of red, green and bhasapplied to each image.

The resultanimergedRGBmagehad aspectral signature thatesembled boththe lens
specimen and theoretical datasets. The normalised intensity plot taken through a region
of the cellis shown in Figurel.13b.It was observed that the banding structure for the
SW antinodal planes in red, rgen and blue channels were spatial seperated.
Furthermore, notice that the spectral signatures began at the basal surface of the cell
and the SW proceeds up tleell body, with loss in the spectral SW signature towards the
centre of the cell bodyAdditionally, it was noticed that the spectralgsiature was
observedon small cellular features. For example, at the outer edges basal sptifece

were protrusions which wereost likely to be the cell membrane around tfiepodia
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Figure4.13 - A TartanSW mukgexcitation image of a MGF grown onan aluminiur
mirror (Laser 2000yith the three excitation wavelengths images merged to cre:
merged RGB image in a). b) A normalised intensity plot of thewikhe shown for eac

of the excitation wavelengths i.e. the 543 nm (red), 514 nm (green) and 488 nm (

The application of TartanSW mudtinission was carried out on M@Fcellsusing an
exctation wavelength of 514 nm with emission det®n collected ab67-572 nm 592
597 nm and 61-622 nm. Figure 44athe pseudocoloured red, green and blugwW
imageswere merged to create the RGB TartanSW rirtiission image of the MCF.

Spectral banding was evident from the RGB MGmage, alsohe spectral signature
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appears to resemble the spectral signature of the simulated data (F&8k) and the
lens specimen data (Figu4e9d). However, in the intensity profile taken through a region
of the cell (represented by the yellow lime Figure (414a), it was clear that the signal
was very hard to differentiattom the background andaturated regions of Divhich is
shown in Figure 4.14ln addition, there was no notable intensity modulation ttveds
expectedin multi-emission imagingjespite the spectral signature observed in the RGB

TartanSW muliemissionimages shown in Figurd.14a
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Figure4.14 - A TartanSW mukemission image of an M&rcell grown oran aluminiun

o

mirror (Laser 200Q)ith a 514 nm excitation wavelength. Images were merged to ¢
a merged RGB image in a). b) A normaliséehsity plot of the yellow line which w
shown for each of the emission wavelengtbg7-622 nm (red), 59597 nm (green) ar
567-572 nm (blue).
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4.4 .5Simulated Difference SW method

Firstly, to charactese the DiffSW, | simulated SW excitation at 543 nm, 514 nm and 488
nm over theaxial range o= 0 to 5um. To simulate the DiffSW method, | had taken the
modulus of the difference, using Eqgn. 4b&tween the 514543 nm and 48%14 nm
excitation wavelength§MATLAB code shown in Appendix K)e result of the DiffSW
method was an intensity profile shown in Figdré&5. Note thathe DiffSW intensity was
minimal at points where the SW excitation vedengthsanti-nodal planesvere near the
mirror surface. This was because the relative excitation wavelengths mere in
phase. However, as the SW of greed or bluegreen became oubf-phase relative to
one another as in Figuret.5b, he resultant CfSW intensitypbecomes larger as shown
in Figure4.15. To quantify the FWHM of the DiffSW image, fihdpeaksfunction was
used in MATLAB and the theoretical FWHM for the {gteen and greemed was

calculated as 79 nm and 84 nm, respectively.
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Figure4.15¢ The simulated DiffSW normalised intensity profile over an axial ranc
= 05 um for the greened and bluegreen DiffSW images. Below the merged pse
coloured reegreen image generated using the TartanSW meptitation simulatec

intensity profile.
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4.4.6 Application of the DiffSW method to experimental data

To verifythe theoretical DiffSW, | used thEartanSW multexcitationimaging of a f =
48 mm lens specimerwhich was capturedon a bare aluminum microscope slide at
excitation wavelengths of 543 nm, 514 nm and 488 nnkllfeach of the images was
linearly contrast adjusted and a Gaussian blur’ of 2 was applied. The absolute
difference was taken using the image calculatdflidfor the 514543 nm (red) and 488
514 nm (greenkhannelswhich resulted in the imageshown in Figurel.16a and b,
respectively. In the merged regreen (RG) imagéehe yellow regionscorresponetd to
the locations where thanti-nodalplanes from each SW difference imamgeerlap There
are regions which corresponded to the greatdstensity differencebetween each
channel (i.e.an antinodal planeoverlapped with a nodal plangyhich resulted in
distinct red or green fringes. In Figudel6d the DiffSW intensity profileshow very
narrowanddefinedanti-nodalpeakswith an amplitude modulation effect over the tm
axial range. Thiwasalsoevident in theDiffSW images Figure4.16ac. The FWHNbf
the antinodal planesvascalculated for the experimental lens specimen ast7Bmim
and 80+ 3nm, with a percentage errowhen compared to theory of 1% and 4% for the
blue-green and greeimed channels, respectively. Table 4.1 skdhat the measured
axial resolution in the 488 nm TartanSW muelticitation provided a measured axial
resdution of 126+ 4 nm, which resulted in afi45 nm improvement in axial resolution

using the DiffSW method.
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Table4.1 ¢ Acomparisorof the measured axial resolutidoetween theTartanSW multi
excitation and DiffSWnethods A f = 48 nm lens specimenmas placed on a bare

aluminum microscope slidend was the specimen used to obtain the axial resolution

TartanSW multi Axial Resolution Axial Resolution
o DiffSW
excitation (nm) (nm)
543 nm 153+4 514543 nm 80+3
514 nm 143+ 4 488514 nm 79+1
488 nm 126+4
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Figure4.16 - DiffSW images of an f = 48 mm len specimen imaged on a bare alu
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microscopeslide. Emission wavelengths were detected betweenr@H0nm. In Image
the absolute difference was calculated between the a)}%$43 nm, b) 48&%14 nm ani
c) is the RG merged image of a) and c). d) An intensity profile from the centre of th

outwards was then translated from radial distance to axial height from the mirror.
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Finally, DiffSW was applied to MZkmages captured at 543 nr814 nm and 488 nm
excitation wavelengthsAs with the lens specimen, the absolute difference was taken
betweenthe 514543 nm and 48%14nmwavelengths to a create DiffSW imagkthe
MCF7 cell,asshown inFigure4.17a and b. The merged RG DiffSW image of the-MCF
wasshown in Figuret.17c. A very distinct fringe structurevas observedAdditionally,
much of thebright dye spots within the cell had been removed. Furthermore, a line
intensity plot of he DiffSW through the MCF is shown in Figure4.17d. This
demonstratedthat DiffSW images produceery distinct SW peaks with much of the
background signal removedh&n compared witifartanSW methods as shownRigure
4.13b.
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Figure4.17 - DiffSW images of an M&Fimaged grown on agluminium mirror (Las
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2000) with the emission wavelength was detected between-650 nm. In ImageJ tl
with the absolute difference between the a) 5843 nm, b) 48&%14 nm and c) A F

merged image of a) and c). d) An intensity profile was obtained from the yellow lii
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4.5 Discussion

Previous SW methods utilised only a single wavelength to image the specimen of interest
[13], [14], [72%[74], [120], [122], [123], [145]TartanSW is a method of SW imaging that
can be utilised in two differendlistinct methods multi-excitation and multemission
imaging To understand the theoretical behavior of the setup, | simulated the TartanSW
multi-excitation with and without the contribution of the broad emission detection
spectra (in this case 58860 nn). It was observed that the banding SW structure had a
modulation effect that was particularly evident with the 514 nm and 488 nm excitation,
wherethe modulation occurrediue to thepresence of amemissionSW This modulation
effect was not present in thesimulation where the emission contribution was not
considered. The modulation effect was verified experimentalng a bare aluminum
microscope slidewhereboth the 514 nm and 488m excitation wavelengths showed
the largest modulation effects. Thisodulation effect occurrect eachaxial locations
where thefluorophorewas excitedThemodulation in intensity was observed due to the
seltinterference of the incident and reflected components of the emission wavelength
[148]¢[151]. However, this effect cancels out at axial looas far from the mirror
surfacewhen detectal over a wide emission detection. In other werdhe intensity
distribution over all the emission wavelength components aspread out axially,

reducing the modulation of the excitation SW intens[&6].

TartanSW multexcitation reduces thenodulation gapbecause of thelependence of
the relative phase relationship of theexcitation wavelengthswhich intersectthe
specimen at different axial location§he theoretically simulated dataad a calculated
modulation gapreduction of 34%while the experimentallycalculatedmodulation gap
was 42%an 8% differenceOne reasorfor this disagreementwas that the simulabn
assumed homogenous fluorescenaogensity over the emission detection rangg 550-
650 nm which resulted in a larger intensity modulation in the final Tartan®whi-

excitation simulation In reality, the intensity of the light emitted by the fluorophoris
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dependenton both the excitation and emissiomavelengtls selected in relation to the
d@ SQa 3AkIS iistblbience, it would be desirable to create a matiadh would
account forthe detection of fluorescentemissionwith intensity inhomogeneitiesto
produce amore accurate simulation othe TartanSW The modulation gapcould be
further reduced by using a greater spectral separation between the excitation
wavelengthswhich would led to quicker separation of the relative phaséiowever,
the excitation wavelengths selectedere limited to the excitation spectra available
within the cho®n fluorophore and the excitation light sources available on the
microscope system used. Therefore, it would be desirable to aaye with a excitation
spectrumthat is as broad as possible. In contrast, for TartanSW +amiission there
was nomodulation gapreduction, this was due to only a single excitation wavelength
being used, with the modulation intensity which would only occuat regions within

the antinodal planes generated by the excitation SW.

The TartanSW muigmission approach utilised a narrow band emission wavelength
detection which was simulatetheoretically andcomparedto the experimental image
captured usinga bare aluminum neroscope slide. It was observed that there was
strong beaing pattern due to the intensity modulatiomhich is the difference between

the stokes shiftof the emission and excitation wavelengffi2]. This was véfied by
comparison of the theoretical approach (Eqn. 4.4) which was a convolution of the

excitation and emission SW6], [77]

It was observed that with both the TartanSW mudkicitation and multemission, the
mirrored substrate isa very important consideration when it comes to modelling the
TartanSW methodAdjustmentgo the model would be requiréor the aluminum mirror
(Laser 200Q)which has a magnesium fluoride protective coatih§2], which accouted

for the averageaxial shift oYad 285+ 1 nmto the SW patternThis offset is the spacer
distanceYa ¢ Qwheren is the refractive index of the spacer afdlis the spacer

thicknessln future, the spacer distanceould be introduced into the theoretical model
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as demonstrated by Swan et g1148]. The Thorlabs broadband dielectric mirr¢1$3],
resulted in a spectral signature which did not agree with the simulated TartanSW multi
excitation and multemissiondata sets. The axial offsetgere different for each method
that was used. Additionallyt was difficult to verify the spectral signatuobserveddue

to the unknown materials and thickneased for thedielectric substrates.

The mirrored surface used was an important consideration to obtain an accurate
simulation of theTartanS\Wmethods For both TartanSW methods, the aluminum mirror
wasa more suitable reflective surfacasthe accuracy ofnferring anyquantitatively
informationextractedl 6 2 dzi | & LJS OA Yuésd€pandenton tHeSa2cr&cy NEB
of the modelTartanSW spectral signaturn contrast, the unknown structure of the
dielectric mirror led to a spectral signature that could not be modelietiucing the
ability to extract meaningful axial height information. The ability to infer axial height
directionality was evident withthe TartanSW multexcitationimagingof RBC, where
there was a reversal in the red, green and blue ordering when compared to the model
convex lens specimenwhich is indicative of a concave surface. This may present an
opportunity in future to utilise the spectral signatures to reconstruct a specimerowith

a prioriknowledge To do this, he relative spectral phase differenbetween thethree
excitation wavelengthsould be usedas a method to determindghe axial height.
Comparatively, the TartanSW mudimission spectralintensity was not as prominent,

this could be caused by the point spread functiortiod high NA objective lengsed for

RBC imagingAs a result of the high NA objective letise intensity modulation would

not occur rapidly enough within the first three amtodalplanes andcombined with the

lack of separation between emission detection channels, the spectral signaturkel

not be as apparent.

MCF7 cells were utilised for eukaryotic cell imaging with our TartanSW methbith
were stained with Djlto obtain ell membrane information. Although thepectral radial

data could not beranslated to axial height, it was possible to use the spectral signature
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to revealqualitativeaxial height information about the cell structure for both TartanSW
methods. However, lte main advantage of TartanSW nudicitation was the wide
emission detection, wieh resulted in a higher intensity @dtiorescent TartanSW sigha
captured Whereas, the TartanSW mudtimission utilised only 5 nm wide detection
channels, which resulted poor contrast between theSWintensity andthe background.

As a result, it may be more difficult to utilise the TartanSW rauttission to extract

jdzl YGAGEGABS AYF2NXNIGAZ2Y | 02dzi GKS &LISOAYS

In previous studies, excitationSW has beeantilised to image betweea reflectivesolid
silicon and cell substrates to study cell adhesion in [FBIC[77] Another method SSIM
useda similar experimental set upbut detectedthe SWs generated over the range of
0 KS &bsSidd &pectrm. TheSW emission intensifyrofile observed was dependent
on theaxial locatiorof the fluorophoreandarelative shiftwas observedh the emission
profile at different axial heights. By calculating tlh&ial shift at differentlateral pixel
locationsover the detected emission walengthsthe height of cell membrane from the
substratecould be determined148], [150], [151], [154]However, these studies are
confined to the basal surface of the Lelhereas theTartanSWmethod allows foithe

study of 3D information within the deptbf-field of the objective lens used.

SW microscopy has been used to contour map cell stru¢i@k [74], [120] However,
SW microscopy has not been used with the TartanSW +exititation approach which
demonstrated a reduction in themodulation gap Furthermore, the TartanSW technique
allowed for the benefitof contour mapping of the celand encodes additional
information abaut the directionality of the cell geometrwithin the spectral signature
Thiscould be particularly usefulas | had investigated if SW miscopy could detect
morphological changes tthe P.bergheilRBCs. However, due to the presence of the
parasite within the RBC, the directionality of the iRBQ geometry waambiguousand

as a resuldifficult to extract.In future, TartanSW may provide a method to study the
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IRBC and gautirectional information about the 3D geometry that was not present when

a single wavelength SW imaging was used.

DiffSW imaging is a method which can be used to improve the axial resolution of the
TartanSW multexcitation method. This has the benefit okihg a postacquisition
technique which would require no additional setup to the existing TartanSW setup.
DiffSW demonstrate@ theoretical and experimental axial resolutiaf 79 nm,with a
factor ofF 1.59improvementover TartanSWhulti-excitationimaging alone DiffSW was

also beneficial in that it removed any saturated intensities caused by fluorescent dye
clumps whichsignalsoverlap in allthe excitation wavelengthsmages as theywere
subtracted out of thdinal DiffSW image. Furthermore, this has additionalbenefit of
removingthe background signal that is homogenous over all excitation wavelengths. This
resulted in a contrast improvement over the TartanSW reptitation method, which
allows for better extraction of the intensity informatiohan observed irnthe TartanSW

images

Previous work with RBn chapter 3demonstrated that videeaate and timelapse SW
was possibleisinga widefield epifluorescence setup. Therefore, it is possible to extend
TartanSW and DiffSW methods to live aathging over time. This would be of particular
interest to study dynamic events that cause morphological changes rethmembrane
over time, such as apoptodi$55], [156] cell migration157] and mitosis[158], [159]
The application of TartanSW mudtkcitation usinga widefield epifluorescence setup,
was faster ané more suitablemethodfor live cell imagingasa single colouEWimage
takingapproximately33 msto capture However,when usinglrartanSW multemission
on widefield epifluorescence thiswould require a complex multiple camera setup to
collect allthe desiredemission wavelengthsimultaneously Or fluorescence emsson
dichroicfilters would need to be changead betweeneachimage, which would require
a physical shifof the dichroic filterseither automatically or manually, producing slow

multi-emission imaging-urthermore, this would require thdahe cell evens of interest
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happen over the timescalef minutes rather than seconds for this to be a suitable
technique.Using CLSM, both TartanSW methods were only suitaileapturing cell
eventsthat would be slower thad0s due to the scanning nature of the CLSMhree
colour tartanSWmulti-excitationimage 2 dzf R 2ininut&s toFcaptureand image
due to each image needing to be captures individu&@ignsequentlyTartanSW multi
emission would be more suitable for capturiigne lapse imaging using CLSHis is
due to the Leica SP5 CLSMhich cansimultaneously captureecach multiemission
channel in a single image. As a result, it would take a third of thetbrimeage using the
TartanSW multemissionmethod. However,the disadvantage ofmulti-emission over
multi-excitation is thereduced fluorescent signatiue to the narrav band detection
channels. As a resulhigher excitation wavelength intensitiegould be required to
increase luorescence emission intensityompared tothe multi-excitation method.
Finaly, there is stilla need to develo@m computational method which can utilise the
spectral signature of the TartanSW mudkcitation method to create a 3D
reconstructionof a specimen withoug priori knowledge. This will be discussed in the

next chapter.

4.6 Conclusion

In this chapter, | have compared theeoretical model for therartanSW multexcitation
and multiemission witha fluorescently labdens specimemplaced ona bare aluminum
microscope stle. The spectral signature observed was comparabktween the
theoretical model and experimental resultsFurthermore, the spectral signature
observed was dependent on the mirror surfacged to generate the SWhis was due

to the dielectric layer or priective coating on the mirrors surface which created an axial
shift in the position of theanti-nodal planes positiorrelative to the mirrored surface,
andaltered the spectral signature observadthe final TartanSW imagédemonstrated
that a spectrakignature was obtained by utilising both the TartanSW nrextitation

and multremission for imaging of both erythrocytes and enjdaic cells stained with a

141



Dil. Lastly, by applying postacquisition technique orthe TartanSW multexcitation
images cdled DiffSWthe axial resolution of TartanSW mudtkcitation methodcould

be improvedby f 40 nm.

142



Chapter 5

A phase difference method for three
dimensional reconstruction of TartanSW muti

excitation images
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In this chapter, | propose a phase differemgethod for the reconstruction of TartanSW

multi-excitation data sets.

Firstly, | demonstrated thathe simulated TartanSWmulti-excitation data could be
utilised to obtain axial height information frotme phase differencébetween each of

the excitation waelengths usedThe phase difference methogas applied to 1D and

2D simulated lens specimen data to creatn axial height reconstructiohe phase
difference was calculatedy extracting the phase angles with and without the
implementation of a Hilbertransform. Nextthe TartanSW multexcitation data was
capturedusinga lens specimewith a CLSMThis was done using two reflective surfaces,
a bare aluminum microscope slidend a long pass filter (to suppress theission
components of the SW)Vhen he phase difference reconstruction was applied to the
experimental lens data, | demonstrated that for the bare aluminum microscope slide,
the axial reconstruction was poor. This was thought to be because of the poor theoretical
extraction of the phase diérence relationshipvith respect toaxial height. Lastly, a long
pass filter wasused,and the axial height reconstruction followed the profilektbe
theoretical lens specimen.dwever, oscillations were present in the final reconstruction,
which were tlought to be due to Gibbsimging from the application of ailbert

transform to extract the wrapped phase angles.

5.1 Introduction

As shown in Chapter2 and 3, multi-planar SW imagingvas used tocontour map
specimens using a single wavelength of light to gain an insight in to the geometry of a
specimen[72], [74] However,single wavelength muHlplanar SW microscopyed to
ambiguity of the specimengeometry which made it difficult to extract geometric
information withouta prioriknowledge of the specimen. In Chapter dsedTartanSW
multi-excitation with three different excitation waveleng#)which spectrallyencoded
information about the axial heightof the specimen In TartanSW mukéxcitation

microscopy, the TartanS¥pectralsignature observed wasaused byhe relativephase
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relationship betweeneachexcitation wavelengthalong the optical axis (axial height)
This phase method differs from the binarisation method on how it extractsaxial
information. For example, in binarisations ahe known axial locatios from the SW
profile were required to create a reconstruction, assumptions were made abibet
specimensgeometry. By extracting the FWHM of the SW profikes was described in
Chapter 3, a 3D reconstruction of the specimen could be created. Howavaipri
knowledge was requiredn contrast by using theTartanSW multexcitationtechnique

the phase relationship bateen each excitation wavelengtiould be usedo give more
precise axial height information about the specimen geometry over the whole SW
intensity profile and not justat the FWHM locations of the SW amibdal planesAs a
result, the axial position wdd be dependent on the phase difference between the
excitation wavelengths. Therefore, the spectral signature would be consistent for any
modulation in the lateral (x,y) distanaehich would beobserved due to the unknown
specimengeometry.Lastly,as thefixed position of the mirror has the condition that for
each wavelength thdirst nodal plane must occur at the mirrored surfage= 0) this
allows for a reference point that can be used to determigasolute axial height

locations.

In this Chapter, | gsent a method which used the phase difference between the
TartanSW multexcitation wavelengthsas a nethod to reconstruct the height of a lens
specimen without the application o& priori knowledgeto the reconstruction For
waveforms that could beasly mathematically described, such as the theoretical SW,
the phase information could be extracted. As a result, the theoretical phase difference
was then calculated as a function @xial height.In contrast to extractthe phase
information from the 2D mjection of the TartanSW muléxcitation which has
intersected an unknown genetry was more difficult. This was becautiee 2D
projection of the SW wavefornobservedwas dependent on thegeometry of the

unknown specimen. Thus, ivas difficult to descrilke the unknown waveform
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mathematically. As a result, thisquired a method to extract the phase of the SW waves

in a 2D image without knowledge of the 3D structure.

5.1.1Phase retrieval from known waveforms

Phase is a property of a wave that describes an (mateeous point in the position or
time of a waveform over a cycle i.e. O to tadians[3]. In general, for two waves, with

and without a” /2 phase shift, Eigure 5.1) could be defined as:
» OEMN (5.1)

o OENa - AT Qa4 (5.2)

Figure5.1¢¢ KA & 3IANI LIK& aK2ga (GKS LIKIFasS aKk)

an artifical phase shift. The red wave is defined as sin(kz) and the blue wave is ¢

Now that two waves had eelative phase offset 0f/2, it was possible to calculate the
instantaneous phase angle}of the waveform shown in red in Figure 58%. using the
trigonometricrelationship, the phase angle could be obtained mathematically from the

two waveforms irEgn 5.1 andeqn 5.2, which gives:

— AOAGufvh ¢ (5.3)
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