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Abstract

Fluorescence imagingas become wital tool for understandingardiaccell funcion.
With the advent of calciursensitiveand fast response voltagensitivedyes it is now
possible to gain complex physiological recordings from various cardiac muscle
preparations, while simultaneously optically sectioning the samples. Howlerectothe
complexity of these experimental agis it is difficult to set upcontrolsampleghat
allow the user to predict hothieir sample isaffectingthe quality of the data being

captured.

The aim of this thesis is to assess the streragtisveaknessesf the different types of
optical sectioning microscopreethodghat are currently available in many biological
labs. These include confocal, typboton andselectivelllumination microscopesThe
resolution capabilities of tisesystens and theassociatd objective lensewere
investigated to determine tloptimum conditiongor their use This workincludes
investigations of the contribution of signadise and performance ofotorisedz-stage

systems used in these microscope systertise ability of asess optical resolution.

The optical components of cardiac muscle are investigated individually. This includes the
scattering properties of the myocardium and the effects of the refractivenmsimatch,

as well as the intrinsic fluorescent substarfoesd in cardiaenuscle.

Microstructures are used to generate novel ways of overcoming some of the problems
faced when imaging cardiac muscle in order to improve the sensitivity and resolution of
these systems. Finalls method is investigated émhane thethe relative concentration

of live cardiacdead cellsn afterdissociaion from intact hearts. This approach would aid

the study of isolated cardiac cells be reducing the interference from damaged cells.
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Chapter 1: Introduction

1.1 Aims
The aim of this thesis is to investigate the detection and resolution characteristics of

imaging systems currently in use for fluorescent imaging of physiological events in living
specimens, with a partitar interest in cardiac muscle. This will involve investigating the
resolution capabilities of a variety of imaging systems. This will be done using the
following approaches:

1. Calculation of theoretic&oint spread functioPSH and comparison with$F
measurements using confotagder scanning systeswith a range of objectives, and
PAM-generated point spread functions.

2. Determination of the optical properties of cardiac muscle in order to establish the effect
on image resolution at different tigsdepths. This will be achieved by investigating the
effects of light scattering and refractive index mismatching orgiaaion imaging, in
addition to investigating the effects of intrinsic fluorescent dyes ofptvadon imaging.

3. Finally, novel methodsf high resolution 3limensional imaging of cardiac myocytes

are attempted with the aid of specificatigsigned microstructures in order to improve

axial resolution.
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Microscopes have been used for many years to reveal ddt@lagical specimens that
is not visible to the human eye. With the advent of fluorescent dyes and labelling,
fluorescence microscopy has emerged as a powerful technique for investigating singular
aspects of a specimen. It is possible for these systeoptically section specimens,
where images are generated from the light that has originated from one plane of the
specimen which isormally 1um thick. Multipleimages within a limited depth of the
specimercan be takenn order to build accurai@hree Dmensioral) 3D images of the
specimen as well as measure fast physiological evdatgever these imaging systems
are not always optimally configured to deliver results close to what is theoretically
possible. Therefore it is important to know how theeaysis configured and what can be
causing the subptimal performance. As well as thinking of new methods that can be

used to circumvent these problems.

1.2 Imaging biological tissue

There are many artefacts that can be generated by current microscope Syrstemain

areas that biologists are interested in when using optically sectioning microscopes are
resolution, speed of capture, field of view and depth of imaging. Resolution is of interest
in revealing detailed structures inside cells, and is traditiphallted by the objective

lens and the signal/noise ra{®/N) of the systemwhen the signal of the specimen is

bright enough that the noise is no longer an issue only the optics of the system define the
limitations Typically, high resolution imageseaacquired at a very slow scan speed to
optimise the lattein order to acquire a good signal

1.3 Interaction of light with molecular structures
The actions of light can be described by two concepts. The first one is photons interacting

with molecules whicltan be described by scattering and absorption. The second concept
is waves of light interacting with the surface of a medium which can be described by

refraction and polarization.



Chapter 1: Introduction

1.3.1 Photon molecule interactions

When photons hit a molecule there are twapsses that may occur; (i) absorption and
(i) scattering. The relative extents of these effects vary from one material to the next.

Figure 1.1 shows the different scenarios when a photon travels through any medium.

v

Absorption

v Y

v
Transmission  Fluorescence Scattering

Figure 1.1 The different effects of a photon as it travels through a medium.

1.3.1.1 Absorption

Absorption is where the energy from the photon is converted into another form of energy
in the medium it is travelling through. For absorption to occur the incoming photon must
have sufficient energy to excite an electron within the atom from its ground state to an
excited state. When a photon is being absorbed the incident electromagnetic wave is
attenuated when travelling through a medium. This process can be describetlaising t

BeerLambert law equatio(Pawley, 2002)

Equation 1.1

1(x) = 1,exp[- ax|
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Wherel(x) is the output intenty varying with sample thickness |y is the incident

intensity andJis the absorption coefficient which describles amount of photons
absorbed is dependent on the medium the photons are passing through; Absorption is
wavelength dependent. This is termed optical density and can be described as an

extension of the Bedrambert law:

Equation 1.2

O.D =-ax=log,,

O

1.3.1.2 Fluorescence

Fluorescence imaging is a major investigative tool for biological imaging. A sample is
stained with a fluorescedie that can selectively stain structures within a cell, depending
on the proprties of the fluophore used. Fluorescent material will absorb photons of a

relatively selective wavelength and then emit photons of a longer wavelength. There are

some substances that will store the absorbed photons and released them slowly over time,

this is termed phosphorescerfg®rndranet al, 1995)

Fluorescence is an extension of absorption where the absorption of the photon causes an

electron to be raised into an excitdte. However, in fluorescence a photon of longer
wavelength will be emitted when the electron returns to its ground sgateo(8 S .
This isshown in figure 22 (Amos, 2000)
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Figure 1.2: Excitation and emission spectra for nicotinamadenine dinucleotide
(NADH) and an annotations showing the stokes gRigure from Invitrogen).

There are many biological entities which exhibit fluorescent properties. This is termed
intrinsic fluorescence. One of the major examples of this in candigcle and all other
cells is NADH which is found in the mitochondria and is excited between 330 nm and
370 nm(Brandes & Bers, 1999;Besshbal, 1989)

1.3.1.2.1Stokes Shift

Stokes shift describes the difference between the peaks of the absorption and emission
spectra of a dye. When a molecule absorbs a photon it gainy @mergoes into an

excited state. The molecule will then emit a photon to lose energy. The emitted photon
will have less energy and thus a longer wavelength than the absorbed pignion 1.3
shows the different energy states of electron excitement hed this will cause the

emission of a photon.
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Figure 1.3: The Jablonski diagram. This is a representation of the differgnp e 6 s
electronic states of fluorescent molecules and twiespondingpectraThe x axis is

grouped by energy stated and the y axis is denotes the spin multiplicity of the electrons of
the fluorescent molecule. Solid arrowsnote nofradiative transitions while dotted

arrows denote radiative transitioiiBawley J, 2006)
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Electronic states amranged vertically by energy. The solid arrows indicate radiative
transitions occurring either during absorption or emission. Dashed arrows represent non
radiative transitions. Internal conversion is a-nadiative transition, which occurs when

a vibratonal state of a higher electronic state is coupled to a vibrational state of a lower

electronic stat¢James Pawley, 2006)

1.3.1.2.2Quantum vyield

The quantum vyield (QY) describes the efficiency of the fluorescence of a particular
molecule. This is calculatl as the number of photons emitted over the number of
photons absorbed. The QY will be wavelenddpendent. The most effective fluorescent
molecule can have a QY of 1 meaning it will emit a photon for every photon absorbed,
however molecules that hav&X’ of 0.1 are still considered quite fluorescé@aarini et

al., 2006)

1.3.1.3 Scattering
Scattering is where the direction of a photon will change upon interacting with the

medium through which it is travelling. Some tissues scatter photons less than others, as
scattering is degndent on the density of organelles in the specimen. In cardiac tissue this
can arise from very small changes in the refractive index. Scattering can occur when light
travels only a few um into a cell. As multiple scattering events can happen to the same
photon this can be a large factor in fboton imaging and is a major limiting factor

when performing deep tissue imaging. There are several different types of scattering
which are described belo{?oppet al, 2003;Donget al, 2003)

1.3.1.3.1Rayleigh scattering

Rayleigh scattering occurs when the wavelength of light is less than the size of the
objects within the material. With this form of scattering the path the light follows has an
equal chance of changing to any direction. Rayleigh scattering can be described by the
equation

Equation 1.3
1(g) _ [+ cos g*laf
l, 2r2
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Wherel ( idthe scattered intensity at andld, is the incident intensity = 2 ,'r is the

distance from particle to detector ad the electrical polarisability of the particle.

It can be seen thate scattered intensity is inversely proportional to the fourth power of
. Thus |l onger wavelengths are scattered

tissue.

1.3.1.3.2Mie scattering

Mie scattering occurs when the wavelength of light is greater tharzéhefsihe objects
within the material; this process is not wavelerggipendent and will tend to change the
photons path by an angle less than 90 degrees. Modelling Mie scattering is more
complicated than with Rayleigh scattering. There is a simulatoiaaiaat
http://omlic.ogi.edu/calc/mie_calc.html. This program can provide the scattering
coefficient and the average cosine of the phase function as well as graphical outputs of
the simulation. The input data required is the size of the spherical objectsavelength

of light and number of angles.

1.3.1.3.3Anisotropy

An anisotropic material is defined as a material in which the properties of the scattering
will depend on the direction the photons enter the media. The direction of the light scatter
can be defineds g which is the mean cosine of the angular phase function. If g is 0 then
the scatter is isotropic. For a g value bthe scatter is purely backscatter and if g=1

purely forward. g is defined by the following equation

Equation 14
fip(g) cosg)dw

The solid angle is calculated by

Equation 15
dy=sinddddd

€S
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Whered vis the solid angle as defingal,( ig the probability function also known as the
phase function andis the scattering angle. Almost all cardiac tissue is anisotropic, with
typicd values ranging from 0.7 to 0.99 which indicates that the angle of scatter will be
bet we-elrb €8 ¢

1.3.1.3.4Turbid media

As photons pass through biological material there will be a proportion of the photons
which are absorbed and scattered. The total attemuadigtficient can be expressed as
the sum of the absorption and scattering coefficients. The ratio of scattering to absorption

is known as the optical albedo which is defined below.

Equation 1.6

Wherell is the scattering coefficierni)is the absorption coefficient ati the total
attenuation coefficient. Thus an optical albedo of 0 would be for a medium which does

not exhibit scattering and conversely 1 for a media which only exhibits scattering.
1.3.2 Wave interactions

1.3.2.1 Transmission and reflection

A fundamental process to fluorescence biological imaging is that the photons pass
through the medium and are not reflected. Most media will partly reflect light and partly

transmit light, and this is described by
Equation 1.7
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WhereT is the transmission coefficiehtandlyare the output intensity and incident

intensity respectivelyRis the reflection coefficient and is defined a$.1

When light propagating at an angle to normal incidence is reflected from the surface
interface of a material it also undergoes refraction, whereby, the refracted light travels
through the medium at a different angle to the incident beam. This is given by the law of

refraction. As the angle gets shallower there is more reflection saddiFaction.

1.3.2.2 Refraction

Refractive index (RI) is an optical property of tissue substance, which is defined in terms
of a real part nand an imaginary part as
Equation 1.8

n=n+in

Where nis equal to the extinction coefficien. V8heres indicates the amount of
absorption loss when the electromagnetic wave propagates through the material as
dindecated by the beé@ambert law.

Refraction is when the angle of a wave changes at the surface of a medium, this is due to
the phaseelocity of the wave is changed the frequency of the wave remains constant.
This can be des ¢iguredéestdowdaydia@@ameot ah icsdent rayweing

refracted.

Equation 1.9

sing, _sing,
Nl N2

10
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Incident Ray

Normal

. Angle of Incident

Reftacted Ray

Figure 14: Theeffects of a refracted light raWhere N it the refractive index of the
first material, N is the refractive index of the second matedais the angle of indecent

ray from the normal and; is the angle of the refracted ray from the normal

However, tissues are not homogeneous structures and small refractive index changes
exist. Soft tissues consist of tightly packed groups of celisnetwork of fibres through
which water percolates. Figure 1.19, taken fi&@ohmitt & G.Kumar, 19983hows the

actual refractive indexes of differing media(Qing Yeet al, 2011)

fibarg  IMarstitial Actual index
fluid | cytoplasm

\ nucleus
organelies

Statistical mean index

RTTN

kg

Figure 15: The inhomogeneities in refractive index witta cell(Schmitt & G.Kumarr,
1998)

The major refractive index variations are found to be caused by the nuclei, fibres and

organelles. The dry weight fractis of each component can be used to calculate the mean

11
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index variatior{:ho flas shown in the following equation. In cardiac tissue 45% is made

up of collagen and elastin fibres
Equation 1.10

(On) = £ [n-n)+ f (n- )+ f (- n)

Where,f;,nis the dry weight fraction of fibre, organelles and nucleus, respectively and,

N o nare the refactive indices of the fibre, organelles and nucleespectively.

1.3.2.3 Polarisation

Polarisation describes the orientation of the oscillation of light waves which is
perpendicular to the direction of propagatibight contain is electric and magnetic wave
vedors at oriented at 900 each otheas shown in figure 1.19he light may be oriented
in a single direction which is termed linear polarisation, or it may rotate as the wave
travels which is known as circular polarisatiéigure 1.6 shows a semantic
representation of the electric field component is 90 degrees from the magnetic field

component.

Magnetic field
component
The polarisation of the wave

is the same as the electric field
and in this case it is horizontal

_ Electric fizld
T component

Direction of
fravel

Figure 1.6 This figure shows the polarisation of an electromagnetic wave.

The polarisation of light is used in many ways in optical microscopy. To measure th

polarisation properties of tissue a polarised excitation source can be used with a second

12
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polariser blocking the excitation light. When a specimen is imaged only the light that has
had its polarisation changed by the tissue is able to be imaged. Tles Séakor
describes the polarisation of light mathematically by the following equation

Equation 1.11
508 4 8
$=30_ a6
2 0~ o) 0
20 &8
¢%3+ cvV +

Where | represents the overall intensity of the beam, Q gives the intensity of linear
polarization along horizontal and verticales, U represents the intensity of linear
polarization at +4% and V gives the intensity of light that is (righnd left) circularly
polarized(de Boeret al, 1999)

13
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1.4 Review of cell and heart structure

The human heart is adochambered organ consisting of two atria and two ventricles.

The left and right sides of the heart are composed of an atrium and a ventricle,
responsible for supplying blood to the systemic and pulmonary circulations, respectively.
While the contractionf the atria actively contributes in part to ventricular filling, it is not
essential for this process. Instead, the distensible atrial walls allow the atria to fill with
blood rapidly following atrial systole, facilitating continuous, fmrisatile venougflow

to the heart. The right side of the heart receivesxdgenated venous blood from the

body and pumps blood to the lungs via the pulmonary artery. The blood pressure in the
pulmonary circulation is lower than the rest of the body, one reason wiigkit

ventricle is smaller than the left ventricle. The tricuspid value prevents the backflow of
blood from the ventricle to the atrium during contraction (systole). The blood then leaves
the right ventricle and enters the pulmonary artery via the pangoralve. The left
chambers supply the rest of the circulatory system via the aortic arch. Oxygenated blood
returning from the lungs enters the left side of the heart and fills the left atrium and left
ventricle via the pulmonary vein during the relaxatphase of the cardiac cycle, known

as diastole. The bicuspid valve prevents blood from returning to the left atrium during
systole. In systole the blood is forced out into the aorta via the aortic valve which also
stops backflow of blood back into the wedes. The anatomy of the heart is shown in

figure 1.7.

14
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superior vena cava
aorta

pulmonary artery

pulmonary veins pulmonary vein

left atrium

pulmonary valve
(or semi-lunar valve)

right atrium mitral valve

tricuspid valve

left ventricle
right ventricle

cardiac muscle
inferior vena cava

Figure 1.7: The structure of the heaFRigure from dihisham.com/archives/21579

Cardiac muscle cells, also known as cardiac myocytes, exhibit automaticity, meaning
they can spontaneously depddarin the absence of an external stimulus. As such,
initiation of electrical activation of the heart is determined by pacemaker cells located in
the sineatrial node of the right atrium, which exhibit the fastest spontaneous
depolarisation. This stimulagehe atria first and causes the cells to depolarise and
contract. This initiating electrical impulse spreads to another group of specialised
pacemaker cells at the atnventricular node, and the impulse is conducted via the bundle
of His, down the leftiad right bundle branches of the interventricular septum towards the
apex, finally spreading through the purkinje system. This results in theymaironous
contraction of the ventricles, which initiates at the apex first, aiding the pumping efficacy
of the hear(J R Levick, 2003)Figure1.8 showshe blood volumes and pressure

achieved in a typical cycle with the ECG information.

15
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L—
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i
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Ventricular volume

Electrocardiogram

Phonocardiogram

Figure 1.8 The cardiac cycle of the left ventricle, showing the phonocardiogram,

electrocardiogram (ECG), blood volumes and typical pressures in a human subject.

In the intact heart, cardiac myocytes are organised in distinct sheets, with individual cells

joined endto-end and tightly electrically coupled at structures known as intercalated

disks, allowing the near synchronous depolarisation and subsequent contbtti®n

atria and ventricles. It is possible to isolate and study individual cardiac myocytes from

mammalian hearts by enzymatic dissociation of cells using a collagenase. A healthy

ventricular myocyte is approximately 120 um in length and 28X3@m in wdth and

due to their appearance.

depth, respectively. When dissociated these living cells are described as rods. If the cell
membrane becomes permeable to calcium the muscles units in the cardiac cell will

activate and the cell will hyparontract. These hyp@&ontracted cells atermed balls
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1.4.1 Cell to cell structure

Human cardiac myocytes are memaclear, whereas rabbit cells akenuclear. Cells are

attached at each end via intercalated disks, which contain gap junctions to allow rapid
communication belectrical impulses between cells. The gap junctions have connexin

units that span the gap junctior4{2im), 6 connexon subunits form a connexin unit. As

these gap junctions are open to the cytopl as

cardiac cdb will work as an electrically activated shéBbelleret al, 2009)

1.4.2 Intracellular anatomy

Each myocyte is composed of contractitetsi of myofibrils that have a diameter of 1

pum, these myofibrils are composed of sarcomeres, the basic contractile unit. They are
1.82 um long in the uncontracted state. These units lie between-tinesZ Zlines are
partitions formed y -adtinin proteins. There are two types of filaments that cause
contraction; thin actin filaments which have a diameter of 6 nm and length of 1 um and
thick myosin filaments which are 11 nm and 1.6 um in length. These form the basic

contractile mechanis for cardiac musclé€OM Bers, 2002)

Transverse tubule3 {tubules) penetrate in from the membrandeace of the cardiac cell
and reach deep within the celktlibules are essential for fast and even depolarization of
the cardiac myocytehis is shown in figure 1.9Andreas Ohleet al, 2009;Brette &
Orchard, 2003;Lyomet al, 2009;Soeller & Cannell, 1999)

17
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Subsarcolemmal

cisternae Mitochondrian T-Tubule

<oland~

Sarcoplasmic
reticulum

Figure 1.9: The intracellular structure of a cardiac myooyith the SR network
positioned around thayofibrils and mitochondria placed in between thgofibrils (DM
Bers, 2001)

1.4.3 Excitation-Contraction Coupling
The process whereby electrical depolarisation of the cardiac myocyte induces activation

of the contractile elementsksown as excitatiorwontraction coupling. Under normal
conditions, electrical depolarisation will spread across the surface membrane and down
into the Ftubules, activating voltaggated L-type C&* channels located here. This leads

to an initial influx ofC&" into the cell, measured as an inward Qairrent. This in turn
triggers a proportionately greater release of @am an intracellular Cd store, the
sarcoplasmic reticulum (SR), by activating?Gaensitive ion channels, Ryanodine
receptors, loated on the SR membrane. This process is known as caluilwred

calcium release (CICR). This raises the intracelluld? ancentration sufficiently to

allow activation of the contractile elements and initiation of contraction. For relaxation to
occur,Ca&* must be removed from the intracellular space and returned to its resting
concentration. This is performed by a number of processegta&e back into the SR by
the sarceendoplasmic reticulum ATPase (SERCA); extrusion from the cell via the
sodium c&ium exchanger (NCX) or the sarcolemmafCATPase; uptake into the
mitochondria by the mitochondrial €auniporter(Radwansket al, 2010;Soelleet al,

2007) Disruption of normal E€oupling mechanisms has long been known to be a
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feature in many cardiac disease states. Therafaderstanding how this process is

altered in disease is a kggal for current researchers

3Na 2K

Sarcolemma @ ;%é .
Ca

3Na

Myofilaments

[Cal;
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@ i AP
= 3Na | (Ey
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-

200 ms

Donatd . // /)i 2y PP
Figure 1.10: Diagrammatic representation of&coupling in cardiac myocytes.
Schematic indicates the major calcium fluxes within the cardiac myocyte, with relative
time course of the cardiac action potential (AP), intratallcalcium transient and cell

contraction, shown in the inset grafivivl Bers, 2002)

1.5 Optical properties of myocardium.

Cardiac muscle has many factors that contribute to its optical properties, it is desirable to
study each of these phenomena individually in order to quantify the loss of resolution and
light absorption in order to better understand thalfimages captured when imaging

cardiac muscle. This method may also help reduce the number of experimental animals

needed.
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1.5.1 Scattering and Absorption

Scattering of photons in the myocardium, along with absorption, is known to cause light
loss. There &ve been many simulations to try and separate the effects of absorption and
scattering in the myocardium, however these have proven to be inaccurate with depths of
tissue less than 2 m(andjbakhchet al, 1999) In this project the effects of scaitey

and absorption will be studied as one phenoméBahopet al, 2007)

1.5.2 Refractive index of cardiac muscle.

Cardiac muscle has ée found to havereaveragaefractive index of 1.38. This has been
measured in canine cardiac muscle using a method discussed in Chapter 2, and in human
cardiac muscle through the use of optical coherence tomogfapagneyet al,

1995;Kuyperst al, 2005)

1.5.3 The interaction of polarised light with cardiac muscle.

When polarised light is used with cardiacsole there can be retardance when the
polarisation changes orientation, or depolarisation, where the light waves enter a state of
multiple polarisations. The polarity of laser light has been used to measure sarcomere
length by directing the beam into skcef muscle where there will be columns of

diffracted light from which the sarcomere length can be calcu{atathg, 1982;Yeh &

Pinsky, 1983)There is a birefringence associated with the extracellular collagen

network. Therefore there is a change in the polarisation properties in diseased hearts with
myocardial infarction forxeample, where the infarcted regions of the heart are composed

mainly of fibrous connective tissue.

1.5.4 Inhomogeneous refractive index

Blood vessels that run through the cardiac muscle are refractive when being imaged as
they contain a fluid that has a diffetendex to cardiac muscle. This has been found to
interfere with the wave of light and cause distortionthdfinhomogeneities can be
measured it is possible to correct for them using adaptive @pitsichen & Denk,

2005)
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1.5.5 Tissue absorbance

The absorption of photons in cardiac muscle is wavelength demehdager
wavelengths interact less with cardiac musigie is shown in figure 11 which displays

up to 600nm.
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Figure 1.11 The absorption of photons in the visible part of the spectrum in pig heart
(Gandjbakhchet al, 1999)

1.5.6 Intrinsically fluorescent substances in tissue

Cardiac muscle contains NADH and Flavin Adenine Dinuclotide (FAD), both these
substances are known to be afitmrescent. It is possible that they cause bleed through
on the two channels that are being used to record sigoaisother dyesThus causing a
detection of a signal that will contribute to backgroungassiblya signal that could be

misinterpretedRocheleatet al,, 2004)

1.6 Use of fluorescence probes to study heart function.

In addition to studying microscopic structures, fluorescent indicators are useful for
investigating physiological function, e.g. voltage?Tand mitochondrial membrane

potential.
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1.6.1 Tetramethylrhodamine Ethyl Ester Perchlorate (TMRE)

TMRE is adyewith a very high quantum vyielhat is celpermeant and stains the
mitochondria inside cells with an intact membrane. TMRE binds to inner mitochondrial
membrane. It can be used to measure mitochondrial depolarization relateastdicyt
calcium transients and to image tihdependent mitochondrial membrane poten(i&ls

& Webb, 1996;Loewvet al, 1994)

TMRE can be used for measuring membrane potentials of mitochondria. It can be excited
at545 nm and emission is at 38B0 nm(Gordienkoet al, 2001)

Absorption
Fluorescence emission

400 450 500 550 600 650 700
Wavelength (nm)

Figure 1.12 The excitation and absorption speafd MRE. Figuresupplied by

Invitrogen

1.6.2 Fura-2

Fura2 is a dye that binds to free intracellular calcium and can be used to make ratio

metric measurements. Its peak excitement is at 340 nm and it emits at 510 nm. This dye is
a carboxylic acid with an AM est group attached. This causes the molecule to have no
charge and thus can permeate the cell membrane. Once the dye is inside the cell, esterases
cleave the molecule at which point the dye becomes fluorestgute 1.26 shows the

emission and excitatiospectra of fur.
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Fluorescence excitation
Fluorescence emission

250 300 350 400 450 500 550 600 650
Wavelength (nm)

Figure 1.13: The excitation and absorption spectra of F2irA shows Ca2-saturated

and B shows Caz2free Fura2 in pH 7.2 bufferFigure from Invitrogen.

1.6.3 ANEPPS dyes

The ANEPPS family of dyes is a very useful fluorescent dye fdiestiof cardiac

muscle. Di4-ANEPPS stains the extracellular cell membrane by binding to amphiphillic
molecules in a lipid membrane via a pair of hydrocarbon chains on the dye molecule,

with the chromophore oriented perpendicular to the cell memiftaesv, 1996)The dye

will not cross the membrane of a healthy cardiac cell. However, if the memsérane

damaged then the dye will stain intracellular structures and the cell will appear many

times brighter than a healthy cell. This can be a useful indicator of cell health. However,
Di-4-ANEPPS has been documented to caus#odynamic damage to the cell

Documented effects of B&-ANEPPS are prolongation of the action potential duration,
reduction of the membrane resting potential and eventually of excitdBithafferet al,

1994) Isolated rabbit myocytes seem to be less prone to these effects than their rat
equivalentgKaterina Fialovaet al, 2010) Di-&-ANEPPS®6 mai n use i s as
fast response dye to monitorltage changes in excitable cells. These dyes operate by
means of a change in their electronic structure, and consequently their fluorescence
propertiedMontanaet al, 1989) The excitation peak of BA-ANEPPS is around 475

nm and in this work a 488 nm laser or a 470 nm LED was used in the Selective
lllumination Microscope (SIMYWokosinet al, 2004;M Novakovét al, 2008;Schaffer

et al, 1994;Schaffeet al, 1994)It stainsthe outer membrane andtiibules making

anatomical measurements from a cardiac specimen possible. However ANEPPS main use

is for making millisecond temporal optical voltage recordings from cardiac cells, making
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it possible to track the time course of véagt electrical events in cells, such as the

upstroke of the cardiac action potential. The disadvantage is that the dynamic range of the
dye is relatively low; changes in the fluorescence are 10% per 100 mV. This means that
some physiological changes whiate very subtle may be difficult to resolve

(Campagnolat al, 1999;Millardet al, 2004;Dumas & Kinisley, 2005;Sctiaf et al,

1994)

Absorption
Fluorescence emission

350 400 450 500 550 600 650 700 750
Wavelength (nm)

Figure 1.14 shows the excitation and emission curve cBANEPP S(figure supplied
by Invitrogen)

A more accurate way to measure small voltage changes withADIEPPS is to make
ratiometric measurements. Ratio of emission intesssjieaks change at 560 ton
620nm as the voltage increases, this makes it possible to mdaisdrANEPPSIn two
channels with a dichroic mirror splitting the light around 590nm and make spectral
ratiometric measurements to estimate voltage measurenfenssmple(Montanaet al,
1989)

1.6.4 Congo Red
Congo red is sodium salt it is a secondary diazo dye with an absorption peak around

502nm and excitation peak around 614 nm. It is used in this project to bind to agar so

Agar can be imaged accurately in solut{@ndemogluet al, 2008)
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1.7 Resolution

In optical microscopy, resolution is defined as the minimum separation between two
points that can result in a certain contrast change between the pbmtsontrast is
described s a percentage change of the signal, where a 10% difference between two
points results in a high resolutitwit a weak contrast. This can be described in more
detail by the Rayleigh citation described in section 1(Jatnes Pawley, 2008n the
perfect microscope, the resolution will depend on both the wavelength of the emission

and the numerical aperture of the objective lens.

In fluorescence microscopy, the image is determined by the total number of photons
collected from the specimen, optiedderrations from the imaging system itself and the

number of pixels in the final image.

Low signal to noise ratio can be a feature of biological measurements. égrleto

noise (S/N) becomes lower, the resolution will drop as it will be hardes¢ardinate

the contrast between points. The contrast used to define two objects is determined by
accepting the highest achievable light intensity as 1 and no fluorescence as 0. Thus the
highest contrast value can be one. The two points would need tgréater distance

from each other for the lowest value to be one. As the two points become closer, the
lowest value will rise thus the contrast value will tend towards zero. Once the contrast
value is zero the points can no longer be distinguished. Tki®ign as the contrast cut

off distance. Although any value above zero is technically a detectable difference in
contrast, it is considered that any value over 0.26 is considered significant when dealing

with fluorescence microscop@3awley, 2002)

1.7.1 The objective lens

The objective lens on a microscope is the most important aspect of the microscope, it is
the closespart of the microscope to the specimen, and determines the image that is
formed and the amount of light that is collected from the spediipere 1.15shows the

simplest from of microscope set up, a wide fighsmissionllumination system.
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Figure 1.15shov where the objective lens is in reference to the rest of a microscope
system. Figure supplied by Olympus.

Modern objective lenses abpeilt with many glass elements inside théthe glass

elementsare there to correct the many different types of aberration that can occur such as
coma, astigmatism, geometrical distortion, field curvature, and spherical and chromatic
aberration. There atéree factors that determine tresolutionof the objective lens: (1)

the refractive index of the medium between the lens and the specimen, (ii) the wavelength
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of light being used and (iii) the numerical aperture of the (Btwstimer Abramowitzet
al., 2002)

Back Aperture

Correction
Collar

2 Adjustment
3 h-/RIng

Objective
arrel

Meni
Eﬂefigus Hemispherical

Front Lens

Figure 1.16: Construction of an objective lens showing a number of separate elements
housed within Supplied by Zeiss

An airy patternis a description of the pattern @fncentric ings the can be generated
aroundthe smallest focus spot that can be achieved by an objective lens with an evenly
illuminated back apertur&he rings are caused by diffraction. The term airy disc

normally refers to the first ring in the pattern .

The laeral resolution of an airy disc is defined by the following equation:
Equation 1.12

~

P
Ruy =06T5 58

O

The axial resolution can be described as:
Equation 1.13

_ 2/ h
min NA2
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where & is the wavelength, d is the index of
numerical apertureR,iry describes the radius of the airy dibgure 1.17 shows the effect
of the changes of NAMiks et al, 2007)

Numerical Aperture NA = n « sin(Q)

(a)o=7° NA=0.12
(b) o = 20° NA = 0.34
(c) 0. = 60° NA = 0.87

Figure 1
Figure 1.17: Schematic of different numerical aperture lenses along wigmanstration
of the reduction in the working distandéis figure also demonstrates the important of

fully illuminating the back aperture of the lens. Figure supplietlikgn

The numericahperture is one of the most important aspects of a lens as it describes the
cone of light captured by the objective from the specimen or the angle offlighican

be described as:

Equation 1.15
NA= n?3 sin(a)

Where NA is the numerical apertie n is the refrahative i ndex
angular aperture of the objectivehi¥ is the major contributing factor to resolution and
sensitivity;. The amount of light that will be collected by an objective lens can be

calculated as:

Equation 1.16
NA*

M*TR
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Where Bl is the brightness index, M is the magnification, NA is the objective numerical
aperture and the Transmission Ratio (TR) is presumed to be 100,000. The TR describes
the total power of a transmitted wave relative to tiuedient wave(Pattersoret al,

2010)

The flowingTable 1.1showsthe brightness index for a series of lenses that could be used
in biological research.

Magnification INA BI

40x 0.8 25.6
40x 1 62.5
60X 1 27.7
60x 1.2 57.6

Table 1.1shows the brightness index of various specifications of objective lenses.

The one disadvantage of high numerical aperture objectives is they can have shorter
working distances. In the most recent generation of microscopes the back apertures have
become larger, by effectively scaling the optics up the newer objectives haee Kigh

at lower magnifications than the previous generatiiks et al, 2007)

Most objective lensesse one of four immersion mediums: air, water, glycerine and oil.
Air lenses tend to be low magnification and low numerical aperture with larger working
distances. QOil is the preferred objective lens for high resolution imaging as the oil shares
the sameefractive index as glass which is 1.51. There is a slight refractive index
variation between some of the microscope manufacturers; Zeiss design the lenses to be
used with oil of refractive indek.513while Olympus use oil with a refractive indek

1.515 therefore it is important to use the correct oil or there will be a loss of resolution.

Water immersion lenses ar@apular choice for biological work, as many biological
samples are immersed in water/saline on the other side of the cover slip .afiglthef
refraction is less steep there is agnincreased workindistance. As demonstrated by

figure 1.8
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The maximum numerical aperture of an objective lens is limited buy the immersion

medium used. If incorrectly spherical aberration may occur sever cases total internal

reflection.
AIR IMMERSION
LENS
WATER IMMERSION
OBJECTIVE LENS
WD
170 nm

Figure 1.18: The influence of different immersion mediums on the working distance and

numerical aperture of the objective Idlgokasin, 2007)

Most water and some air lenses have correction collars to work with thicker or thinner
cover slips, this can be useful if thin cover slips are used to try and increase the working
distance of the lens. If the lens does not have a corredilam it will be designed to

work with a 170 um thick cover slip which is an agreed microscope imaging industry
standardTehet al, 2005)

1.7.2 Point spread function

The Point Spread function (PSF) of the lens descthEesmallest point that can be
resolved by an objective lens. These are used extensively through out this thesis as a
method of comparing systems. PSF is described showBayasiarcross section in each

axis by taking the full width measurement at tlad maximal peak of the system.
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1.7.3 Nyquist rate in spatial and temporal situations

In PMT-based scanning systems the choice of how the system is set up is very flexible.
The voxel size, voxel dwell time and the amount of vogelsnage is composed of can
bevaried independently. It is important to consider these options and how they relate to
each other when an image is being acquired. It is important to have an idea of the
requirements that are needed to capture the relevant inforniidtcmtas DEYet al,

2010) It is important to consider the pixake and sensor size when specifying cameras

that have to meet resolution requirements of imaging systems. as discussed in more detail
in section 1.95.

The Nyquist Shannon sampling theorem is a vital principle for choosing a sampling rate.
It states thathe sampling rate must be at least twice that of the frequency that is trying to
be resolved. In spatial terms it is useful to calculate or measure the PSF of the objective
lens and calculate the sampling rate needed if maximum resolution is reéiaveser,

it is worth knowing the size of the smallest objetcinterestin the specimebeing

imagedand setting the Nyquist rate to sample for that as larger pixel sizes will gather

more light in the same amount of time.

The speed of the event can alsahkulated using the same principle; it is unlikely that

the two sampling rates will marry so that the optimum resolution is captured at the
optimum acquisition speed. There are several ways to get around this problem. The first
approach is to reduce thegion of interest and only image part of the sample. If this is
undesirable then there is the line scan option where one glavo mirror is locked in place
and a scan is taken in one axis, this will result in a high speed scan that has a high
resolution on oae axis only. If this is undesirable another approach is to perform two
separate scans, a slow high resolution scan and then faster scans using larger pixel sizes.
The two images can then be superimposed. For this method to work effectively there
must be nanovement of the sample and it must be in a stable state when performing

multiple scangRossman, 1969)
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1.7.4 Factors that determine noise in imaging systems.

The major factor in determining the speed of an imaging system is the signal to noise
ratio. It is complicated to estimate what an adequate signal to noise ratio will be, as it is
dependent on whanformation is being extrapolated from the signal. It is helpful to
understand the nature of noise that is detected in optical microscopy and its source. There

are four different types of noise:

1.7.4.1 Photon noise
Photon noise, also termed shot noise, caioted in all optical systems due to the

guantum nature of light. It can be described as the ability for statistically significant
fluctuations to be detected due to the low levels of photons being recorded. Phagon nois

follows Poisson distributiowherethe variance igqualto the mean.

1.7.4.2 Dark noise

The Dark current is the signal from photosensitive devices such as PMTs or CCDs even
when no photons are entering the device. There are a number of factors that can
contribute to dark noise. In the case of Rylthermal stimulation of the cathode and
dynodes can cause electrons to break free of the surface. Dark noise from this source
follows Poisson distributior{Peter Bankhead, 2012;Peter Bankhead, 2009)

1.7.4.3 Read noise

Read noise is caused by the analogue to digital signal conversion and is directly
proportional to the spedtiat the analogue to digital conversion is carried out. Read noise
folowsanor mal di st? i whei enO 3isgh®yvaliance eme B is the 0

normal distribution.

1.7.4.4 Amplification noise

During any amplification process when a signal is amplified, the input noise is also
amplified. However the amplification can addditional noise. This additional noise is
typically represented by a factor called the noise factor which represents the additional

noise over the noise expected from the amplification process.
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1.7.5 Quantum Efficiency of detectors

Quantum efficiency (QE) desbes the sensitivity of a detection system. It is a number
between 0 and 1. It quantifies the chance that a photon falling onto the system will be
detected, 1 = 100% detection and 0 = 0% detection. This is not a constant term; it is

dependentn the wavelegth of the photon

1.7.6 Rayleigh criterion
The Rayleigh criterion quantifies the spatial resolution. It is the minimum distance

between two points before they become irresolvable. This is defined as the radius
between the point of maximum intensity of the Adiigc and thdirst diffraction

minimum

Unresolved
Resolved Rayleigh
Criterion

Figure 1.19: Schematic representation of the Rayleigh criteriorage from

http://hyperphysics.phgstr.gsu.edu

The following formulae describe the Rayleigh criterion when using a confocal imaging

system.

Equation 1.17

_ lex

- (8nsina)
Equation 1.18

_ /ex
B (4n(1- cosa))
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Where
Equation 1.20
. aNAd
a=singe—o0
o n =
n= refractive index (water =1.333, Oil =1.515, Air=1)
a2ex = the excitation wave | ength

The diffraction barrie(Heintzmann & Ficz, 2007also known as Abbe Resolution)as
term used to describe the minimum resolvable paimd, is derived from the Rayleigh
criterion. Thisis described in the following equatiorisateral resolution can be described
as

Equation 121

-
2NA
and for axial resolution
Equation 1.22
_ 2/
NA?

WhereR = Resolutiongr i s t he wavel engt h aalfapetturegpht and
the imaging objective lendames Pawley, 2006} here are now several new imaging

methods that are capable of breaking the diffraction barrier suysfotsactivated
localizationmicroscopy(PALM), Stimulated emission depletion enbscopy(STED) or

Stochastic optical reconstructiamcroscopy(STORM). It is important to consider the

scale of the specimen that is being imagéw field of view of the microscope is

dependent on many factors. In many situations certain types ofigigggtem may not

utilise the full field of view that the objective offerBhis may due to factors such as the

sensor size of the camera or limitations of scanning head system.

A typical adult cardiac myocyte is ~10n in length, and ~2Qm wide, makimy it easily
resolvable by almost any microscope objective. The nucleus inside a cell is a spherical
shape around gm whereas the mitochondria are aroundDBn, so they are on the
threshold of what is able to be resolved although it is still possiloletéxt them with
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fluorescence staining.-ftibules run throughout the cell and have a diameter oh@00
(Haemmerleet al, 2011;Brette & Orchard, 2003)

Speed of acquisition is desirable to image fast physiological events, the speed the image
is acquired is dependent on the sensitivity of the system. These experiments are usually
noise limited. This aabe overcome by reducing thpatial resolution worder to

increase the temporedsolution so that one pixel collects more light which averages out
noise. More excitation light can be used to achieve higher light Jev@lgever this may
induce a higherate of bleaching and damage the @ditDonaldet al, 2012)andhence
shorten the time that physiologically relevant data can be taken from it. Deep tissue
imaging in intact tissue is desirable as the tissue is pigrgiologically relevant than
dissociated cells that have been separated by enzymatic digestion. Thepsmpatedtion
depthof a confocal microscope in cardiac muscle is pB() beyond which the

scattering, absorption and refractive index change digkee becomes an issue and

there is no longer a usable signal. For deep tissue imagioghotonmicroscopy

(described in section 1.8.4% a good alternative as longer wavelengths are not so easily
absorbed or scattered by tisgiMortimer Abramowitzet al, 20@®;Centonze & White,
1998;Ntziachristos, 2010;Ghauharali & Brakenhoff, 2000)
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1.8 Common imaging systems used in biological research.

Fluorescence microscopy has become a major research tool in the field of biological
research. Advances in microscopy witk ttvailability of line scanning confocal systems
and2P systems have allowed researchers to capture images of optically sectioned
specimens or high speed images of specific biological e(Bass & Van Stryland,

2010) Itis important to understand the prin@plof howthesesystemsperate and what

they can achieve.

1.8.1 Wide field

Wide field imaging is one of the simplest setups on a fluorescence microscope system.
This will capture all théight whether it is in or out of focud his is done by using a light
source, thex are many light sources for wide field imaging as there is a lot less power
needed than in other optical sectioning imaging systems. However it is important that
these light sources are stable so that comparative intensity measurements can be made
over diferent time periodstls possible to achieve optical sectioning with the use of a
high numerical aperturebjectivewhere only a very limited part of the specimen will be

in focusand specialist analysis softwahat can identify the out of focus regmand

remove themHowever there are limitations to this approach, such as a limited field of

view and short working distance of the object8wedlow & Platani, 2002)

1.8.2 Line-scanning confocal microscopy

Confocal is one of the most commonly used laboratory techniques. Confocal microscopy
offers several advantages over wide field microscopy. While a conventional wide field
image showsll of the depth of the specimen in a single imalge confoal microscope

can optically section the specimen being viewed. Most of the out of focus ligh&from
specimen with thickness that exceedsplameof focus is discarded. This sectjaarmed

the depth of fieldcan be varied to some extent although itncdpenetrate too deeply

into the specimen. Due to absorption of the ligfe working distance for most confocal
systems is about 50m in cardiac muscléF B Sachset al, 2008) There is a pinhole

that can be set so that only the photons emitted from the plane of focus will pass through
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apinholethat is placed in conjugate focal plaadl.the photons that have originated

from a different location in the z axis will have a corresponding lateral position on this

plane, the pin hole will occlude this ligfthis pinhole is usually variable in diameter.

The operator can vary the pinhole diameterthasb | e t o ffdcdplanek en o t he

Confocal microscopes need a powerful and coherent light source at a specified
wavelength. Lasers are used extensively in confocal microscopy. Laser light will pass
through the objective lens and will focus the majority of the light onto dreepdf focus.
Depending on thaumerical aperturef the lens, the diameter of the beam is @25

um. As the laser light passes through the specimen, there will be a brighter patch on the
plane of focus(Pawley, 2002;Chenet al, 1999) Figurel.20 show aschematiaiagram

of a confocal system, where the pin hole is just in front of the PMT ane &ne ray
diagrams showing what happens to the light that does and dose not originate from the

focal plane of the specimen.

Principal Light
Pathways in

¥ Photomultiplier
Confocal Microscopy == D

etector
= Detector

Pinhole
In-Focus
Emission Aperture
Laser Light Ray
Excitation Qut-of-Focus

- Fluorescence
Emission
Light Ray

- Dichromatic
v Mirror

- Objective

/ ——Excitation
Light Ray
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Figure 1.20: This diagram shows the operating principle of a confocal microsebpee
the green arrows denote excitation tighd the red arrows denote emission liigure

supplied by Nikon.

1.8.3 Slit scanning confocal (Zeiss Five/Seven Live)

The Slit scanningconfocalsystem developed by Zeiss, works in a similar principle to a
confocal system but with a few fundamental chargespared to a standard confocal
microscopethe pin hole is in fact a slit with a lens focusing the light to that slit and the
photomultiplier tube®MT) has been replaced with a spe@large couple device

(CCD) that is an array of 512 pixels. This getmakes theletectorspatially aware in

one axisalthoughthere is loss of Z resolution due to the imperfect pinhole shape. The
specimen is then illuminated by a modified laser beam that is rectangular in shape. One
disadvantage of this system is thahach higher intensity of laser light is needed to
illuminate the specimen in comparison to traditional confocal microsgogyo the fact

that the light source is illuminating a larger region of interest than the equivalent confocal
system This coupled vth the fact that the laser light can scan a selected region of
interest at up to 120 Hz, the specimen can be rapidly damaged, and thus the experiments

are only valid for the first few seconds of imaging.
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L

Figure 1.21: The operating principle ofsit scanning confocal.
The numbers on the diagram denote 1 DUO beam combiner, 2 Beam shaper for line scan,
3 AchroGate beam splitter (wavelength dependarapdocalaperturesand 5High

quantum efficiency detectarsigure supplied by Zeiss
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1.8.4 Multi-photon imaging

Multi-photon imaging differs from traditional confocal imaging in many aspects.-Multi
photon imaging uses near indrad wavelengths to excite fluorescent molecules. This
gives multiphoton imaging an advantage since it has been found thatéufra

wavelengths are far less damaging to délés visible wavelength3 his means longer
experiments are possible without causing damage to the cell. The depth of tissue that can
be imaged igonsiderablyhigher (confocal~50um vs twephoton ~ 500 um)(Andreas
Ohler et al., 2009;Leray et al., 2008;Scherschel & Rubart, 200&)illumination

method is fundamentally different to confocal microscopyth®sname suggests, it takes
more than one photon to excite the dye molecules, whiobtite case in confocal

imaging. In multiphoton imaging, two and sometimes three photons are needed to
provide enough energy to excite a fluorescent molecule. Asu#i,rihe excitation light is
channelled to a defined point in the samplee PSF of the lens will be the only region
where the photon density is high enough for the molecules to fluofidsefuorescent
molecules within the plane of focusll become &cited. This eliminates the need for a
pinhole.As only the photon intensity in the psf of the lens is high enough to generate the
two-photon effect, there is a sharp drop off in the intensity of the photons out with the
PSF of the lens so those photon#i mot become excitedhis is effect is demonstrated

in figure 1.3 0One of the drawbacks with this technique is that there is a lot less emission
light returning to the detectors than conventional conf(iRabartet al, 2003;Soeller &
Canrell, 1999) To deal with the lower signal intensitpost twephoton systems employ

the use ohondescanned PMTSs). These PMTs are placete light path so that the
emission light does not have to pass through the scan head mirrors in order to research
them they are placed akse to the back aperture of the objective as is practically
possible, thus minimising light logisat normally occurs from the light train through the
optics, thus to some degree compensating for the lower signal intensityh&oadticed

light emission.
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Figure 1.23 this figure is a classic diagram showing thedamental difference between

conventional confocal excitation and tyboton excitation(Figuresupplies by Amos)

Light sources are an important factor in tplootan imaging as well as need long
wavelengths (typically into the near IR) the light source must be pulsed, omitting the
photons in pulse typical between 1P00 femteseconds, this is to increase the photon
density required to generate the two photon efidtle keeping the average power of the
laser light down to a minimum amount-gapphire lasers have been the traditional

choice of light source for twphoton imaging due to there ability the tune wavelengths as
well as produce pulsed laser light at tearR wavelengths. A second important aspect

of two-photon system design is the effect the glass has on the pulsegladthcauses

the pulse widths to broadeshorter pulse widths are effected more severely by the effects
of scattering, thus limitinghe depths of tissue imaging that can be obtained, longer pulse
widths will reduce théwo photon efficiency. It is difficult to know the optimum pulse
width for cardiac muscle as there are no lasers that are able to offer a tuneable pulse
width. Whoever bth Coherent and spectra physics perceive the ideal pulse width for

two-photon imaging two be 140 femseconds and design there lasers accordingly.
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1.8.5 Structured light

Structured light is a relatively new method for achieving optical sectioning by pagfern

the excitation light of an imaging system. It has applications for both high speed imaging
as well as super resolution. This is achieved by controlling the illumination patterns of the
excitation light. This patterning of the light can be achieveditbgrdnt methods that are
detailed belowFedosseeet d., 2005)

1.8.6 Spinning disk confocal
Multiple beams of light can be used to capture data at a much fasteéheadpeed of

capture for these systems is determined by the specifications of the cameihesed

confocal microscopes are called spinningaisnfocal microscopes, which are equipped

with a dual set of disks known as Nipkow disks. The first disk has an array of pinholes

with micro-lenseswvhich are designed to focus light on to the pinhole of a second disk. In

between the disks, there is a dmile mirror that reflects the emission light towards a

CCD camera. The spinning disk system will generate a set illumination pattern that will

be determined by the pinhole array on thé.d3ne limitation of the spinning disk is that

the pinholes are offixed size. This can cause a number of problems; the optimum

pinhole size will change depending on emission wavelength. If the pinhole is too wide, it

wi || affect the Z sectioning capabilities. T
emission light fom one pinhole could travel through a different pinhole. Most spinning

disk manufacturers opt for a very small pinhole size that will increase the Z sectioning
capability and nearly eliminate the fAcrosst a
of emission light is lostrigure 1.24 show a schematic representation of the spinning disc
system(Wanget al, 2005)
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Yokogawa Spinning Disk Unit Optical Configuration

Shaped and Collimated —
Laser lllumination Monochrome

Microlens CCD Camera
Array
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Figure 8

Figure 1.24: The operating principle of a spinning disc confocal microsceigeLre

supplied by Zeiss

1.8.6.1 Selective illumination device

The selective illumination device has two aspects which shall be discussed in this review.
The first is the Spatial Light Modulator (SLM) and the second is simultaneous acquisition
of the conjugate and nesonjugate image. The spatial light modulator and pattern
generation will be discussed in more detail in chapters 2 @rdl®yler et al, 2005;
Fedosseeet al, 2005a, 2005b;Hageat al, 2007Beversluiset al, 2008;Neilet al,

1997).

1.8.6.2 The Potential of the Selective lllumination Device

It is possible for the selective illumination microscope pygietto optically section
samples. The result is similar to a Nipkow spinning disk system. However, the selective
illumination microscope prototype system will be able to generate a series of patterns

determined by the operator. It is also possible to kauge crude control over the
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pinhole size by activating neighbouring pixdfggures 125 and 126 show how the

excitation light enters the SIMP and is directed through the system.
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Figure 1.25: Theoretical layout of the SIMA hea excitatiorlight path through t@n
Aonodo pixel where the pol athuasshdightisoefleced t he | i g
into the microscopelhe SLM sits on an image plane. A1 and A2 denoted the aperture

planes.
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Figure 1.26: Theoretical layout of the SIMRVhere the excitation light is being put
throughthesysteend t ransmitted to an Aoffo pixel

has left as its original polarisation, the light in this path is reflected ibéaa dump.

The spatial light modulator is actuablyeflectivepolarising devicét so that lenses one

and two in Figure 1.5 are in fadifferent parts of the same parabolic mirror acting as a

lens, this enables the beams to be steered towards sdpeaat splittersThis means that

the emission and excitation light paths are travelling along the same beam path most of
the time. The excitation light is then reflected onto a polarized beam splitter, which splits
the light into P and S polarizations. &fk the light is split into two pathways, they both

wi || be directed through the SLM. I f the
will be rotated, and then the light will travel along the first pathway through the polarized
beam splitter wherit will be reflected into the microscope objective lens. If the light hits
an AOFFoO pixel, i1t will travel along the
polarized beam splitter where the light will be discarded.

The emission light that returnofm the microscope will hit the second beam splitter and

will be split into P and S polarizations. The two distinct light paths are then directed onto

t he SLM. I f the |ight hits an AOFFO pixel,
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it travels tothe Camera collectingthenenonj ugat e | mage. I f the | i¢
pixel, the polarization will be rotated by 90 degrees and then will be directed into the

conjugate camera imag#his is show in figures 27 and 128

MICROSCOPE

OBTECTIVE
CAMERAL 1
CONTUGATE ( "COMFOCAL") IMAGE A —>
TUBE
<1 T LENG
LIGHT SOURCE
SIDEFORT
TIMAGE
DICHROIC
\ MIRROR
A A <} {>= LENGZE
A [ [
|< PESL \ :STILL = : Pesz/
CAMERAZ ¢ ' '
NOMCONTUGATE ' '
IMAGE ' P POLARISED |
I SLM I
THIS FIXEL IS OFF
AV POLARISATION UNAFFECTED \Vi
LENS L LENSZ
AZ AL

Figure 1.27: Theoretical layout of the SIMRVhere the emission light is returning from
the microscopd i ght i s being put through the system
where the polarisation of the light has left as its original polarisaterljght in this path

is reflected into camera 2 which is forming the foomjugate image.
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Figure 1.28: Theoretical layout of the SIMRVhere the emission light is returning from
the microscope. Light is being put through the system it is tramsihitt t o0 an @A ono
where the polarisation of the polarisation of the lighbtatedthe light in this path is

reflected into camera 1 which is forming the conjugate image.

1.8.6.3 Spatial Light Modulator

A spatial light modulator is an array which a bearthway can be passed through or
reflected depending on the spatial light modulator design. The spatial light modulator can
modify the intensity or the polarity of different parts of the beam. It is constructed via a
series of pixels. In the case of the 8giee lllumination Microscope Prototype (SIMP),

there is a matrix which is 1280040 pixels. Each of these pixels has two states, ON and
OFF. When a pixel is active, it will change the polarity of the light that passes through the
pixel by 90 degrees. Whenpixel is inactive, the polarity remains unchanged. The spatial
light modulator has a display rate of 1440 Hz. With the use of a polarized beam splitter, it
enables twin path illuminatiofHanleyet al,, 1999)

1.8.6.4 Conjugate and Non-conjugate Image Pathways
When the spatial light modulator has split the emission light into two separate light paths,

the information from one light path can be thought of as a confocal image where the
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image has been optically section&tie second light path can be thought of as

information regarding the wide field imagéleintzmanret al, 2001)

1.8.6.5 Light sources for the Selective Illumination Microscope
Prototype
The selective illumination microscope prototype has a port through which a variety of

LEDs can be attached. This means thatpossible to use a variety of wavelengths at a
relatively low cost. Using LEDs as a light source has been very successful. However, for
some uses of the selective illumination microscope prototype there may not be enough
power generated by the LED rfimstance, illuminating tissue markers that are only

weakly stimulated by the wavelength in use. The largest laser diameter is 3 mm, which is
produced by a Nd:YAG laser which produces light at 355 nm. The light source in the
selective illumination microspe prototype will need to evenly illuminate the back

aperture if the objective attached to the spatial light modulator which has a diameter of
approximately 2 cm. This means that whatever laser is used it will need to undergo beam

expansion.

Laser Beam Expander

Mounting Lens Housing

Expander RiNg
ens 7

Laser
Output

Laser
Input

Focusing

Ring Collimating

Lens System

Figure 1.27: The basic layout of an optical beam expander. Figure supplied by Olympus.

1.8.6.6 Laser Beam Expander
There are two types of laser beam expander. A Keplerian beam expander will cause the

beam to invert itself and to broaden, while a Galilean beam expartdexpand the
beam while not inverting it. One problem associated with laser beam expansion is laser

speckle, which is eandomintensitypatternproduced byhe interferencérom a sebof
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wave frontsLaser speckle can becomenajor issue when a laser beam is expanded due

to the waves becoming incoherent and interfering with each other causing a random wave
motion. If there is laser speckle on the SLM, this will have disastrous consequences as the
field of view will be unevenlylluminated. Laser speckle can be eliminated by vibrating

the light guide at a frequency greater than the frequency which is being imaged this was

done in a similar PAM set up in Oxfo(Baivre Olivier, 2012)

1.9 Types of detector used in imaging systems

There are two types of detectogmeras, and photomultiplier tubes.

1.9.1 Photomultiplier tubes (PMT)

A PMT is a detector commonly used to detdabtpns. It is capable of responding to a
single photon. The main component of the PMT is the photocathode. It is located at the
aperture, which is covered with a sheet of glass or quartz. The photocathode will transfer
the energy of a photon to an electrdhe surplus energy from the transfer will turn to
kinetic energy that will enable the electron to negate the draw of the photocathode

surfaceFigure 1.28 shows a schematic representation of the PMT.

Common Photomultiplier Dynode Chain Configurations

. node Head-On Photomultiplier

Photocathode _
/ Dynode Chain Anode

Photocathode

Photoelectrons

Focusing - S ll-it l"'H 6
Electrode n .

in
Dynode Cha Voltage

Side-On Photomultiplie 3  Dividers Power Supply

Figure 1.28: Diagram of a photo multiplier tub&he diagram highlights how a photon
entering the PMT would be converted to an electron and the resulting cascade event that
occurs through the dynode chahigure supplied by Olympus.
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The PMT consists of a series of electron multipliers callgwbdes.The last piece in the
PMT is the anode which completes the circuit. The voltage to the dynodes can be
controlled, the higher the voltage the more electrons it will generate when the dynode is
stimulatedby electrons coming into contact with a dynodlkereare focusing electrodes

that direct the electrons to the first dynode so that the electramstdos ki p o0 dynodes.

The PMT photo cathode is constructed from alkali metals or semiconductors and is
designed to respond to a wavelength region dependentatrbase metal was used to

make the PMT. The sensitivity of the PMT can be calculated by:

Equation 1.23

r= 9QEq
hc

Where R is the response. q is the charge of an electron, QE is the quantum efficiency of

the photosensitive surface, hisRlankés constant and ¢ is the sp:¢
PMTs can vary greatly; the first PMT made in 1935 had a peak QE of 0.04, now the

highest peak QE is 0.3Mirzoyanet al, 2006)
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Electronic Detector Spectral Sensitivities
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Figure 1.29: How different compositions of photocathode react across the spectrum.
The quantum efficiencfQE)is shown as a fmarithmic percentage. This shows how the
composition of the metal will determine how the PMT responds to various wavelengths
of light as well as the quantum efficiency of each wavelerigtjure supplied by

Hamamatsu

1.9.2 Charge-Coupled Device
A ChargeCouplal Device (CCD) is a grid of charge registers that have the capability to

store charge. This grid is exposed to a stream of photons over a set period of time. Each
area of the grid will then have an associated charge dependent on the number of photons
thatwas detected by each charge register. Most CCDs have a sense zone azdreeread

once the sense zone has been exposed the charges are moved down to the read zone and
read out while the sense zone is exposed again. The charge is moved through a series of
registers to a line of registers at the side of the grid one row at a time. This line of

registers then moves the line forward one space at a time where the signal for that grid
space is amplified and fed through an analogue to digital converter. Thed@Dachas

high QE but can be prone to read out noise. Measures have been developed to limit the
different types of noise. Cooling the CCD will reduce the dark noise dramatically;
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cooling the camera by 20 can cause a reduction in noise by a factor oRE@d noise

can be generated by the amplifier and analogue to digital converter. Slowing the speed at
which the analogue to digital converter processes the signal will cause a reduction in
noise. Adding spaces in the grid together will increase the sigmaite ratio and will
effectively increase the speed at which a frame can be digitised but there will be a loss of
resolution. Back thinned CCD cameras use a novel arrangement of the imaging elements

to increase the amount of light captured and therelrgase the QE.

Figure 130 shows the two different types of architecture that exists with high
performance CCD sensors, the first type is frame transfer CCD, where the accumulated
charge from the sensors must be shifted vertically row by row into tiaé¢ @aiput
register, a disadvantage of this system
while they are being read out. This can be over come by moving the entire frame down
into a storage section, which is similar to theBCE€lowever this siws the speed at

which the camera can be driven. Alternatively a mechanical shutter could be used or the

illumination light source could be deactivated.

Interline CCDs have there transfer channels immediately adjacent to each photodiode,
this make the mrcess faster, however they have a disadvantage that the interline reduces
the light sensitive area of the sensor, this can be partially compensated for by micro lens

arrays.
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Charged Coupled Device Architecture
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Figure 1.30: The two different types of CCD Architecture.

Image supplied bittp://micro.magnet.fsu.edu.

Interlinetransfer CCD arrays normally contain micro lens array to focus the light on to

the photo sensitive part of the array. The charge transfer channel is immediately adjacent
to thewell so that the charge can be transfdrto the channel. Frame transfer CCDs have

a second part of the sensor that is covered with a mask. The charge from the photo

sensitive part of the CCD is move down the register where it is read out.

1.9.3 Electron Multiplying Charge-Coupled Device

An electon multiplying ChargeCoupled Device (EMCCD) has a gain regidietween

the charge registers and the readout amplifiee gain register actan be thought of as

an array of smalPMTs, multiplying the number of photons before it hits the charge
registe. When the gain register is actitree electrons per photon is increasddwever

when the gain registers are not active the QE is much lower than that of a normal CCD
camera as the photons have to pass through the gain register apparatus befoteehitting t
charge registeMVhen charge is shifted pixel to pixel towards the output amplifier there is
a very small probability that charges cause additional charges. In a conventional CCD
this event is almost undetectable. However in an EMCCD camera this ersartenge

will be amplified through the gain registers, leading to a significant noise f&dt¢CD

cameras are useful because they are capable of generating an acceptable signal to noise
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ratio where signals are to weak for other cameras to generatéaddeegignals. As

figure 1.11 demonstrates
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Figure 1.31 Shows the signal to noise ratio of different sensor types as light levels

become lower Figure suppliedy Andor.
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Figure 1.32 QE of front illuminated and back illuminated CCD cameras across the

spectral rangerigure supplied by Andor.

1.9.4 Scientific Complementary Metal Oxide Semiconductor (SCMOS)

CMOS chips were invented around the same time assCi@iweve these were
traditionally thought of as a poor compromise to G@De to the potentiaf thewell
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being different sizes, therefore no pixel could be compared to its neighbour. CMOS
sensors convert charge to a voltage that can immediately be read afingntbat CMOS

sensors can read data at a far faster rate than a CCD. This has stimulated research into

Chapter 1: Introduction

producing high quality scientific CMOS cameras. Recently Amdor Hamamatshave

rel eased

(of up to 100rrames per secondow read noise and high dynamic range, but are not as
sensitive as the EMCCD camsreurrently on the market and do not havegsame

binning advantages of CCD systems, making them less versatile.
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Figure 1.33: The QEof a SCMOS camera across the spectral rafigere supplied by

Hamamatsu
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1.9.5 Cameras and Pixel size

Pixel size is of vital importance on cameras as theyalbave the advantage of PMT
based scanningystemwhere the pixel sizef the image based on the setting selected by
the scanning heathn be altered (the smallest point that can be resolved is calculated by
Equation 124). This means that the pixel size ippdadent on the wavelength used and
the objective used. To gain maximum resolution benefits the resolution should be

sampled at the Nyquist rate.

Therefore the optimum pixel size for an imaging system can be calculated as
Equation 1.24

[}

40.61 ¢, , O
&e a OV O
P:@NA+9
& 9 0
& 0
g —
Where P= pixel size, o= wavelength, NA-=

To calculate the optimum magnification, Equatio®5is rearranged to
Equation 1.25

“O) Qo

o
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2 Chapter 2: Methods

2.1 Cell dissociation

To isolate singléneart cells from the myocardium the connective tissue matrix
surrounding the cells has to Bigestedusing the enzyme collagenase. This is done by
perfusing isolated hearts wititollagenase containing solution as described below

(Theseprocedures werdightly different when applied to rabbit and rat heparts

The physiological saline solution (@ s 6 s ased had tberfollowing composition
(in mM); NaCl(120) HEPES(20), KCI (5.4), NaH,PO, (0.52),MgCl; (3.5), taurine(20),
creatine(10), Glucosg(11.1) The solution is set to a pH of 7.4 af@7&wvith NaOH.

2.1.1 Rabbit Cell Dissociation

Surgical removal of the heart was a licensed procedure, performed by one of two

technicians (Aileen Rankin or Michael Dunne) licensed to carry out the procikthlee.

New ZealandWhite rabbits(3.0-3.5 kg body weightjvere given a intravenous injection

of 25001U Heparin together with an overdosesofliumpentobarbitone (106hg/kg) via

the left marginal ear vein. The heart was excised and immersed in ¢4illddKrebsd

solution The heart was therannulatedria the aortanto a Langendorff perfusion

systemand perfused retrogradely at a constant flow of 25 mL/20OmL of nominally

Cd'free Krebsd sol ut wasinitially pedtsed thaughthecheaa t 37 AC
wash out bloodThe heart was then perfused witillagenasgfrotease solution (81g

Protease and 50g collagenaséype Il, dissolved in 75nIC&*-f r ee, steril e Kreb
solutionfor approximately 5 minutesYhe enzyme solution was washed out oftteart

by perfusion with 100nL sterileKr e bs 6 s ol ut % (w/k) BavmenSeramm ni ng 1
Albumin (BSA)for approximately 2 mintes. The ventricles were then cut from the heart

and finely choppedThe myocytes were dissociated by lighttytatingthe soltion

using a plastic Pasteur pipette. The dissociated cardiac myocytes were filtered through a

gauze mesh to remove undigested and other tissues.
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2.1.2 Rat Cell Dissociation

Male Wistar rats (253509 body weight) wersacrificedby a concussive blow to the

head followed by cervical dislocatioffhe heart was then removed and placed into a

beaker with 25nl of chilledKreb®d s o | u t25®Idof vepatintto prevent the blood

from coagulating. The heasasthen attached to a cannula of a Langendorff penfusio

system and perfused wikhr e b s 6 as33C until all the blood has been washed out

of the heart. After thisa solution consisting of 7@K r e b s & centainingt5dng n
collagenase type 1 (Sigma Aldrich) anth@ protease (Sigmajasperfusedhrough the

heart. The heawascarefuly monitored for signs of digestion, as the perfusion proceeds

the heart becomes soft and slimy to touch and thelatviebecome translucent. The

process normally takes 6 to 10 minutes. Once the heart has bebly sligastedthe

heart is then cut down from the Langendor ff
solution containing bovine serum albumin (BSA, Sigma Aldrich), the role didtime

serum albumins to disable theollagenasenzyme and stop the dgjeon process. The

heart is then cut into pieces and shaken so that cardiomyocytes break away from the main

body of the tissue.

20 Microns

Figure 2.1shows a typical healthy cardiomyocwtained with Di4-anepps excited at
488nm and collected at 505nm and longed Bnagined confocal using a Nikon 60x NA
1.2 on a BioradRadiance 2000
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Figure 2.2 A typical sample of cells from a digested rat heBine approximately round
structures are hypeontracted (damaged) cells, the rod shaped structures are intact,

viableheart cells.

A healthy cardiac cell is approximately 1@ in length and 20x3@0 um in width and

depth. These | i ving c edgéessonpaocess uskets dissaciitee d a s 1
heart cells damages many cells. Once the membrane of a ceddrasuptured, calcium

freely enters the cell causing the cell to hypentract into a structure approximately 50

Om in all di mensi ons . T hhletyieal diseotidtieanpracess descr i

can yield anything from 60% to 80% of the cebdalls(Goldman & Wurzel, 1995)
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2.2 Purification of living cardiac cells

There are many reasons that a 100 % rod solution would be desirable. Cardiac cell culture
requires a high ratio of rods:

) Western blots, protein phosphorylation and measurements of large
collections of cells become more meaningful if thdsbaite removed or at
least are present in a constant ratio.

(i) Microstructures can become blocked with balls and therefore need special
skills to move rods into structures. With a 100% rod solution, it would be
possible to make microstructures for a widedtiance and speed up the
experimental process.

(i) Unpublished observations from laboratory work suggest that thtnige

of the rodss longerwhen in a solution containing fewer balls.
2.2.1 Separation by fluid dynamics

2.21.1 Sedimentation

It has been observed tHadlls settle in solution at a faster rate than rods. This can be

explained when calculating the Stokes drag forces, wdrietepresented as:

Equation 2.1
Fd =-bv

Whereb is dependent on the properties of the fluid and the dimensions of the object, and

v is the velocity of the object.

For a spherical object b is given as:
Equation 2.2

b=6" dr

Wherer i s the Stokes radius of Thehdemgfpreerfor i cl e an
a rod can be representation of a series of spheres in parailed, rasl will orientate itself
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to present the shape that will present the least drag. Due the much smaller diameter of the
end of the rod compared to the ball the rod is observed falling at a faster rate than the
balls, thus showing that it maybe possildeséparate the cells with the use of flow

gradients.

In order to purify the rod solution a simple set up was craged) an~60cmcolumn

with an inner diameter of 0.5 cm. A pipe was
and then the tubing went the same height as the top of the coludperistaltic pump

fed the end with the pipe so the flow ratmildbe controlledThe concept was to match

the flow rate of the rods so the balls would fall to the bottom of the co{ivharthy et

al., 2006) Theflow rate was started at 25Lfimin, as the diameter of the inside of the

tube was 5 mmThe volume for a one 1 cm segmehthe tube can be calculatading

the following formula

Equation 2.3
V= 2Hr

V is calculated at 0.19 ciitherefore to calculatel/min at 25 mimin entering a 5 mm

pipe 0.95 cm of pipe is needed to contain one ml of fllilterefore the flows 0.23

m/min.ltwas assumed t hat tvhichtheicelle WeseGuspendeaa t i on i n
similar fluidic properties to water at room teempture. The dynamic viscosity of water at

20°C is 1.002 the kinematic viscosity is 1.004 and the fluid density is 998.2 kd7or

this principle to work, laminar flow would need to be established in the tube with the

rising flow. For laminar flow theraeeds to be a Reynolds number less than 2000.

The Reynolds's number can be expressed as:

Equation 2.4
Re:r_\/d
m
Where Re is the Reynolds number, } is the f|I

characteristic velocity give in meis/s andl is the charaeristic length of flow in mm.

the Reynolds number for this particular set up is calculaté8%2®. This Reynolds
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number is far higher than 200Dherefore, very turbulent flow can be expected. This was
what was observed in pitsze and thus the rods where unable to be separated from the
balls.
For laminar flow to be achieved the formula is rearranged to:
Equation 2.5
_ Rellm

rd

Vv

V is calculated as 0.003A8 this set up, the diameter of the tube would need to be

impractically small for the rod and ball solution not to become blocked.

2.2.2 Elutriation

Elutriation works on a similar principle to the method above. However, the column is in a
centrifuge so the force of gravity can be altered by the cycle rate. There ssadamber

in the return path which increases in diameter so that flow slows and different sizes of
particles sit on various parts of the chamber and can be removed by increasing the flow or

slowing the spin sped@iamantet al, 1989; Goldman & Wurzel, 1995,

Centrifugal Force —— «—— Counterflow

1. Sample suspended in 2. Sedimentation tendency of par- 3. Flow increased. Slow-sedimenting
medium enters chamber. ticles balanced by counterflow. particles elutriated from chamber.

Figure 2.3 Diagram highlighting the operating principles of elutriatibrgure supplied
by Beckman Coulter.

A Beckmann Coulter elutriation system was set up with-8.0Eotor and a single 40 ml
chamber and peristaltic pump. The first tests were conducted using blood, as one of the
primary purposes of the device is to isolate different blood cell fractions and should
represent the normal working range of the system. The chamber was photographed to
monitor the position of the blood cells in the chamber.
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In theory, blood cells are fairly uniform and should have a thickness of are®ipain2

and a diameter of 7 um. This should create a banding of red blood cells in the chamber.
What was observed thenas a continuous presence of blood cells in the chamber, this
suggests that the cells are of different sizes, thpsssiblybecause the cells were dying

due tobursing causing thénaemoglobin would leak oudnd because of its small size (80

T 200 nm)haemoglobirwould thenimmediately leave the systefBauer & Hannig,

1988; Boermaet al, 2002)

Table 2.1Elutriation buffer

Chemical Formula Weight Concentration 2L
NacCl 58.44 125mM 14.619g
KCI 74.55 2.6mM 0.387¢g
NapgHPOy 141.95 8.1mM 2.2999g
KH,POy 136.08 1.4mM 0.381¢g
Glucose 180 50mM 18g
BSA 0.5% 109

Table 2.1 contains details on the solution that was used in the elutriation system.

Above is the solution used to separate red blood cells iffeyeatit categories. The

solutionwould be expected to hescoustowards the thinner end of the chamber where

the larger molecules where being hdltis is not what was observed, which suggested

that cells were becoming deformed.
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Figure 2.4 shows theehamber of the elutriation system while it is actihere are red
blood cells in the chamber with 18 /min flowing through and the centrifuge is set to
2000RPMThere is no banding of the blood cell s

left-hand si@ of the chamber.

2.2.2.1 Protocol for elutriation
Usethe 5 ml chambesuspend the cells in 1 or 2 nadjust the rotor speeslichthat 200

300 g are effective at the peripheral end of the chamber (where the cellsAdteer)
equilibration of the chamber (rewing air bubbles, etc.), the counter flow is turned off.
Fill the hose between cell injection point (e.g. thnexy valve) and the point where the
hose reaches the centrifuge (do not inject cells into the rotor at this paintpn the
counter flow andlrive the cells into the rotor with a counter flow rate-80 m_/min.

Collect about 100 mL of the fluid leaving the centrifuGaeck whether the cells were
driven through the rototif the cells were driven through, repeat the experiment at a
lower couner flow rate(at a counter flow rate were only about 50% of the cells can be
collected you may check whether one or the other type of cells are enriched in the fluid

leaving the centrifugby examining te fluid with a light microscope
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The formula forconvertingthe G-force intorevolutions per minuteRPM) in a centrifuge
is:
Equation 2.6

G =(1.118x10-5)RS

Where G = relative centrifugal force (which can be exprease€dforce), R is the radius
of the rotor arm to the point where the specifieté should be exerted expressedm
and S is thepmthat therotor is turning(Thompsoret al, 1984)

To calculate the RPM needed to exert-300g of force at the end of the chamber the

formula isrewrittento.
Equation 2.7

0.5

S= a G Q
- %1 118x10- 5)R8
G- -
The distancérom the end of thelamber tahe centre point on the Beckmann Coulter
J.E 5.0 rotor is 17cntherebre 200g S= 1025.8rprRor 300g S= 1256.4rpm

However this method was still found to be unsuitable for separating rods and balls mainly

due to the size of the chamber beinglarge toallow the desed flow rates to be
achieved due tthe impracticallylarge volumehat would be required of the peristaltic

pump to move.
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2.2.3 Separation with the use of Percoll gradients

Percdl is a substance used to separate many cell types, altiieugdin use is for
separating much smaller speciméman cardiac myocytePercoll works byseparahg
objects based on their density. This is doseglow speed centrifugation where a
density gradient is set. Perkt iso-osmotic, non toxic and can easile removed from

the solution after purificatigmrmaking it an ideal medimto use with live cells.

A low G-force centrifuge was used with 7.5 ml chamb&ubes loaded with a 5 ml

mi xture of 60 % Kr e bllsdutichgfSigma Aldodm) waespgun 40 % Per
at 20 kg of force for 50 minutes, slow speed up and soft stops were used to ensure the

gradient was not disturbei.hen 2 ml of KrebsdhAsodddsdi)on cont
dead( A b adardiemyqcytes were gently added to the top of the, e spun in the
centrifuge at 15 kg for 4 minutes. This was
balls with some rod$nce this was carefully removed there was a thin band that

contained a 100% rod solution.
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2.3 Imaging systems

The confocal and twphoton systems were used mostly in frame scanning mode and
used to acquire optically sectioneestacks. The pinhole was set to &gy disc, which
gave optimum optical sectioning capabilities of the sys&lower scanning or Kalman

averaging was usedh&re noise became an issue.

2.3.1 Confocal systems

A variety of confocal and twphoton systems were used in this project. They were

Microscope System Obijectives

Zeiss 510 C-Apochromat63x/1.2W Corr
PlanApochromat20x/0.75
PlanApochromat63x/1.40il DIC

BioRad 2000 Nikon Plan Flour 10NA 0.3
Plan Flour 20NA 0.75
Plan Flour 40:NA 1.2
PlanAPO 60x NA 1.2

OlympusFluoView  Uplsapo 60xOil NA:1.35

T™M FV1000 Plapon 60x0il NA:1.42

2.3.2 Two —photon systems

Microscope System Objectives

Zeiss 510 AchroplaniR 40x/0.8W
N-Achroplan10x/0.3W
BioRad 2000 Nikon Plan Flour 10NA 0.3

Plan Flour 200NA 0.75
Plan Flour 400\NA 1.2
PlanAPO 60x NA 1.2
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2.4 Point Spread Function Methods

2.4.1 Calculating PSF

It is possible to calculate the theoretiE&®/HM of thePSFfor confocalmicroscopes

using the following formuldMiks et al, 2007)

Equation 2.8
— /. /
/ — ex’ em
/ex2 + /em2
2
Equation 29
7 2 + 2
FrHw, = %36/ /o /em2
/em2 + /ex .
al.552NAY PH, o}
+& 8
¢ /emMm =
Where;

ax= Wavelength of excited lightifn)

asm= Wavelength of emitted lighh(n)

NA = numerical aperture of objective lens
n = refractive index of medium

m = magnification of the objective

M = Secondary magndation

PHp = pin hole aperture (um)

2.4.2 Measuring point and edge spread functions

The best method for measuring ®8Fis by imaging subsesolution highly fluorescent
beads somewhere in the order off3200nm. The imaging system will be able to

detect he fluorescence but will be unable to resolve the bead. Hence, the bead will
appear as the smallest item the objective can resolve with the edges blurred. A variation

of the measurement afsubresolution point is to measure a sw@solution edge spread
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to generate an edggpread function, which is taken individually for the X, Y andxgés

As the edge ikighly polished any defects in the surface are smaller than the resolving
power of an optical microscopEdge spread functions also have an advanwgasa

easy to identify any neavenly illuminated surfaces caused by misalignment of the
system. It will also give a higher sigAaknoise ratio making intensity measurements
more accurate. However, this method will not reveal as many imperfectidres aptics

as the comparableSF, for example, deteictg spherical aberrations algdma
(Rossmann1969)

Beads measuring 200n in diameter were used. The beads used in the data presented
were supplied by Invitrogen (TetraSpeckE
Cat. No. T14792). These beadsne premounted ardve been coated with four
differentdyes with excitation peak eé865and emission a#30 nm (blue)excitation peak
at505and emission &15 nm (green)kxcitation peak é@s60and emission &80 nm

(orange), an@xcitation peak eé60and emission &80 nm (dark red). These djfeave

been selected so that the emission and excitation peaks are separate

Beads were tested againstsacondnethodin which 170um thick cover slips were

cleaned, and the beads were left to adhere to the cover glass by a process of evaporation.

It was foundthat the Invitrogen slide produced reproducible results. The lab prepared
slide had some beads which did not bind to the coveristipducing a refractive index
change between the cover slide and the bead. It was also observed that there could be
fluorescent material found in the immersion medium of the baauig the lab prepared
slide

Another advantage to the Invitrogen slide is the four dye sy3iBimenablsthe
Invitrogenslide to be used in a variety of machingserethe excitation wavelenlgs

were limited. However, iis less than ideal to compare imaging systems that using
different wavelengths as the resolution is dependent on the wavelength. The Invitrogen
slide was constructed in such a vasto avoid these problemBue to the manufaating
processthe beads are within 10% of their target 200sizes thereforethis did not
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present a problem as they are beyond both the lateral and axial resolution limits with the
exception of the 1.Aumerical aperturkenses which might bableto resolve the beads

laterally.

This method of bead measurement can be used to detect different types of aberration and
the varying resolution from the objective lessThis report does not takkese effects
into accountThereforedifferent beads at diffent distances from the optical axis were

measured.

2.5 Point Spread Function Data analysis

These data from the imaging systems were read into Matlab where custom software had

been written to analyze the beads.

Step 1:
Differing methods were used to readlire zstackedmagesof the beadThis is because
there were differences in how the data was stored depending on which brand of

microscope was uset@lhe data was then projected into a 3D cube of the greyscale values.

Step 2:

The next stepvasto createa summation of all the grey scale values on the XY, XZ and
YZ planesthis was done bgdding the values together in each agspectivelyThen a
summation of each lin@asmade, and the line with the highest grey seadsnoted.In
theory it will contiin the axal positionin which the centre of the bead is locatatthis
pointif the data still looked noisythe original data cube is put through a simple filter to
increase the signdab-noise ratio The filter was alirect form 1l transposed
implementation of the standard difference equation

Step 3:

An image of each of the XY, XZ and YZ imagkness displayed with the lines of

intersection shown so that the user can check that it is the correct bead being analyzed.
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Step 4:

A cropped section dhe grey scale values for the three axial points is taken from the
centre of the beadhe crop was large enough to include some of the baseline in every
axis but not analysis all the data that had been capametthe base level is estimated

and subtraedfrom the data sethis was done by taking the mean of the background
values and subtracting off the mean value from every element in the\Atinay looking

at the Zsectioning this method has proven to be simplistic as there can be decreasing
light levels as the scan goes deeper into the specimen. This can lead to negative values,

which will affect the Gaussian fit.

Step 5:

A Gaussian fitting algorithnishown in equation 2.1@yasthen applied to the X, Y and Z

axis of the beads. The Gaussian fill farce itself through 0 so ivasimportant to check

thatthe datavasb asel i ne corrected. The Gaussian fitt
downloaded from the Matlab file exchangéis code had a small modification from the

standard code to allow a chartgehe priorities of the conditiontsy whichthe Gausgn

curve was fitted.

Equation 2.10
(x-b)”
2
f(x) =ae *
Equation 2.10 shows the formula used to fit the Gaussian curves, e is eulers number
(2.718),a describes the height of the Gaussian diftib described the position of the

peak and c describes the width of the Gaussian distribution.

Once the Gaussian curvediaeen fitted a full width at half maximum measurement
(FWHM)wasmade The Af whmo subroutine weas downl oad
exchange sger. The FWHM measurement is multiplied by the pi@kize ratio and

reported back as tHeSFof that axis in pum.
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2.5.1.1 File formats

This projectinvolved the analysis amages taken from microscopes made by Nikon,

Zeiss, Olympus, Perkin Elmeg€airn and Bio Rad. NikqrOlympus and Perkin Elmer

instrumentsall usea similar method of storing the data where the image is saved as a

TIFF file and the meta data is stored as a separate file whidihés a TXT or an XLS

file. These files can be ad directly into MatlabThe BioRadinstrumentgenerates a PIC

file with the image anthe metadataisst or ed i n the same file. The

wasused to create an object in Matlab where the informatoid@asily be accessed.

At the time of witing the code a Matlab module that could read a Zeiss LSM V5 file
could not be found. So the LSM filegereread by LSM tool box version 4.0e in ImageJ
where the LSM files are broken inftdFF image files and XLS Meta data files, which

can be loaded inthlatlab.
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2.5.2 Deconvolution

Deconvolution is a mathematical operation used in image restoration to recover an object
from an image that is degraded by blurring and noise. The blurring is largely due to
diffraction-limited imaging by the instrumenthe largst factor of the different types of

noise is photon noisg’oung let al, 2010) If an image is constructed of PSFs,

deconvolution attempt® refine tre PSF and construct the image from the finer PSF.

Figure 25: Huygens representation of a deconvolved F38tthe left is an idealized
image of a 175nm bead. The centre image is the PSF from a Zeiss 100XdWbfetiéve
lens,and on the right is a denvolved image of a single bead image using this PSF,
performed using Huygens deconvolution softw@deecques Boutet de Monwet al,
2001)

Deconvolution is an iterative process mearthag the process repeatedly updates the
recovered image. This is done by convolving an estimate image with the PSF, and
comparing this convolved image against the original image. The difference is computed
and then used to update the estimated inf@geder & Nehorai, 2006Most algorithms

can use a theoretical or measured PSF from aesdbution bead. A theoretical PSF is a
model of the imaging process in a microscope assuming it is perfectly aligned and
configured. Any misalignment can have seveonsequencdsr the PSF size. Therefore,

it is best to use a PSF that has been measured from the imaging system.
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It is important to discriminate between image restoration, where information about the
imaging system is used to extrapolate more data the image, and image

enhancement, where the image is made more pleasing to the human eye. This includes
methods such as sharpening algorithms and boosting contrast. Not every image taken
from an imaging system can be deconvolved. Deconvolution redbaethe image be

finely enough resolved so that the image is composed of point spread functions rather
than pixels. This means timaage that is intended to be deconvolveeanghat the

Rayleigh criteriormust be sampled at the Nyquist rate or fifi@asmaa m, 2010)

A review of the free distributed deconvolution software was undertaken. This idclude

the plugins foimageJDeconvolutionLab and 3D_ deconvolution, which gsbke

Richardson Lucy algorithm arahestimatel PSF, the Richardson Lucy algorithris an

iterative procedure for recovering a latent image that has been blurred by a known point

spread functionlt was foundthatthere was a massive loss of dynamic range in the image
(approximately 40 times). A Matlab program was writtérich took an image to be

deconvolved and an image o$abresolution bead. The program then called the

subroutne that finds the bead and fits a FWHM inY¥and Z. A theoreticaPSFwas

then created from these measurements to eliminate noise problems that may arise.

However, this program encountered the same problem. Another problem encountered

was thatthe alggrihm woul d use all of the computerés |
deconvolved as a single unit. This is because the edges of the image can be mistaken for

sharp contrast lines arde therdrawn into the image, causing artefacts. Eventually

Huygens deconvation software was used. It is a very powerful deconvolution engine

which breaks the image into fAbrickso, deal in
No evidence of these Abri ck@®ehad: 20addel be det ec
Monvel et al, 2001;de Monvelet al, 2003)

The user interface is excellent. It will alert the user if the sampling intervals are

insufficientandalso allows the user to use an image of aregblution bead as a PSF.

However it gives the user no feedback on the PSfasurements taken form the image
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that was used in the inpp it is hard to know if the image has been analysed correctly
Results frondeconvolutiorare shown in Chapter(&haevitz & Fletcher, 200Bhaw,
1994;Sunet al, 2009;Von Tiedemanret al, 2006)

2.6 Edge spread function measurement.

It can be difficult to obtain a valid PSF measurement from some imaging systems. This is
the case with th&eiss LSM 51Gwo-photon system when used for deep tissue imaging

as it is hard tachievea goodsignatto-noiseratio using sub resolution beadghin a

highly scattering medium such as cardiac muscle

This system has been fitted with a Chameleon UltTashpphire laser systeniCoherent

Inc.). This is a tuneable laser operating betweenr8@o 1080hm andis capable of a

peak power output of 4.5W at 86fn. In comparison to conventional confocal imaging,
there are much lower levels of lighmittedfrom two-photon imaging even when
descanned detectors are used. This means that conventional bead imaging is impossible
as thepower outpusettingsfrom the laserequired for an adequate sigit@lnoise ratio

will cause the mediurnontaining théeads to burriJnder these circumstancebkere are
many advantages to imagiadgluorescent edge. The edge should be absolute to generate
a reduction in fluorescence over a distance that is much less than the optical resolution.
Microscope objective optics will blur thiglge in relation to th@SFon that axis with the
highernumerical aperturkenses, resulting in a sharper gradient than the lowererical
aperturdenses. The gradient tends to be a sigmoidal curve. It is possible to differentiate
the sigmoi@l curve andhen measure BWHM. However there can be differences in the
extremities of the curve due to the rate of rise at the extremes of the curve occurring at
slightly different rates. Therefore, a FWHM taken from an edge spread is not directly
comparable to 8SF measuremedtie to the fact that the edge is the measurement of one
edge where as the PSF is a measurement of two edges which are in extremily close
proximity. The test slide that was used was a Chroma fluorescent slide that had a finely

polished susdce.
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2.7 Edge Spread Function data analysis method

To test the effects of different factaycardiac muscles suitable test standard must be
obtained. As discussed previoustglge spread functions work very well taro-photon
systems. There are furth@dvantages of using edge spread functibnsn fluorescent
beads will be used to mark the surface of the artificial myocardiogating an area with

a bead on the surfacand then scanning down to the fluorescent edge provides a better
method than tryig to locate subresolution bead beneaite5 um bead and in many

casesnay not be possible.

Normally, thePSFis estimated using stifesolution beads, but this technique is
unsatisfactory in this application for several reasons: (i) single beadd need to be
suspended throughout a medium with a low density to ensure no clustering (ii)
fluorescence from sutesolution beads is poor, and any further loss of signal would

make detection marginal. In contragtgespreadfunctions are ideally suitedif deep

imaging because; (i) the specimens have high and stable fluorescence (ii) the slide is at a
fixed distance from the objective and therefore easy to locate. For these reasons, a slide
was designed to assess optical aberration by measuring the &3Fauange of

conditions. It was also important to use low concentrationguof Beadsothat they did

not affect the measuremerts the beads are opaque they can block out light immediately

beneath the area of the bead

Figure 26 shows an axial samation of all the greyscale values taken of the surface of a
Chroma test slide clearly showing a blurring of the edge of the swfzich is shown in
image 26. Figure 27 showsthedifferentiateddata from figure & this shows a clear
Gaussian shapedaha FWHM can be fitted.
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100 pm

Figure 25 Shows the Axial image of the surface of a Chroma test slide clearly showing
the blurring of the edge of the surface.
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Figure 2.6 This graph showsypical edge spread
smoothing splines.
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Figure 2.7 shows the differentiategdge spread functiaoriginal data plofrom Fig 2.8
above along with the smoothed signading a smoothing factaf 0.2 and 0.005he

smoothing algorithm ia moving average filter.
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Typical edge spread function data is shown in Figure 2.8, along with spline fits of the
data at two different values, 0.2 and 0.0DBe artefactshat are presern the 0.2 trace
have been removed in the 00without alteringhe shape of the distribution. A
measurement of FWHNbr the data set in Figure 2.8 is shown in Figui &.Gaussian
curve is fitted to theurve that was smoothed by 1B€05 factor. It shows two smoothed
differentiated edges and the original data mitite FWHMwhere found to be more
accurate when using the smoothed data on multiple measurerhenis caused by the
significantly smaller peak of one of the Gaussian fits.

Depth (um)

Figure 2.8 shows the final smoothed fitted Gaussia the original dataith the baseline
subtractedThis methodf measuringedge spread functioryselded very reproducible

resultsfrom which accuratestimatesould be made.
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2.8 Monitoring Z stage movement

Attempts were made to accurately measustade movements. These measurements

were taken with a Heidenhain MT 6@Encoders UK Ltd, Unit 5a The Courtyard

Reddicap Trading Estate, Sutton Coldfield, Birmingham, West Midlands, B75. 7BU)
Thisis an accuratprobethat reports the postion in one axis watkttreme accuracy, the
Heidenhain MT 60khasa 60mm length of travel and a quoted margin of error of + 0.5

pm (0.8%) The Heidenhain MT 60K was carefully and firmly clampedhtestage of

the microscope and the probe lowered on to the moving part ofetigamism. Great

care was taken to ensure that the probe was at 90 degrees from the surface it was
measuring. Coarse measurements were made initially, wherestlage (objective

turret) was raised or lowered in 10 xiB steps and then reset back to thginal

position in one 50 um step. A fine measurement experiment was then undertaken where
the turret was moved 10 xpn steps before being reset with a single 10 um step.

In three of these microscopes, the precision of i &tep was examined, wieethe
microscope was moved 5 x 0.2um steps and then the measurement was taken. This
measurement was performed in order to ascertain movement accuracy when scanning a

subresolution bead

The Heidenhain MT 60K probe was last calibrated in 2006, and foumave a 0.4 um
margin of error across theentire®n of t he probeds travel

of the probe was available. The probe's accuracy was validated by measuring the height
of finely manufactured metal plates that were gently cleanattohol. These plates

increased in the order of 2.54 um (0.0001 of an inch.)
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Figure 2.9: This figure shows the thickness increase of the metal plates and the reported
thickness that theleidenhain MT 60Kmeasured.

LinearRegression througthe origin for the probe calibration data showedravalue
insignificantlydifferent from 1 anda P value of <0.000ldemonstratinghat the probe is
highly accurate and working as expected. The probe uses gravity to exert a aowtant
force of 44g. Consideringhatthe weight of the average objective lens is much larger

than 44g, this should not affect the performance of the microscope turret.

2.9 Measurement of the refractive index of liquids.

Measurement ahe refractive indexfdiquids can be made accurately using a
refractometer. A known thickness of the liquid is placed beneath a prism and light of a
certain wavelength is directed into the prism, the refraction of the beam can then be

measured.

2.9.1 Measured refractive index of agar and cardiac muscle

To measure the refractive index of a material a procedure was set up where a slice of the
material was cut to an appropriate depth (typically 40 um), such that the imaging system
could scan through the bottom of the material to tpeAosharp edge is cut and a

fluorescent substance of known refractive index is placed next to it. The preparation is
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then sandwiched between a slide and cover slip. As the confiairalscopescans
through the preparation it will report slightly differdrgightsbetween the material of
interest and the known fluorescent substambe heights are divided to determine an
axial scaling factor as describpreviously(Dirckx et al, 2005)

The refractive index is then calculated by:

| _ ASF+(0.155° 0.009

For Water immersion, NA=1.2
(0.8717° 0.0029

| _ ASF+(0.135° 0004

For Oil immersion, NA=1.3
(0.7435° 0.0027)

Where n is the refractive index and ASF is the axial scaling factor, which is the distance
in um between the theoretical z position in a substance with the refranctese matched

to the lens and the reported z distance.

Virtual slice image

Mlcroscope g'ass g ......... /..E
| S T B
srarees Tissue A iy
N e N # . Immersion
Cover glass /i mersio

T Z g Mmedium

zZ
Y
TA, Objective lens

X

Figure 2.10: This diagram shows the experimental setup used to measure refractive index

changesaused by a given material

In this case watewasmixed with fluoresceirfLife Technologies Ltd, 3 &untain Drive
Inchinnan Business Park, Paisley PA4 9RF, UK)egel was created by mixing a 2%
agarconcentration and was staining the agah Congored(Sigma Aldrichthe Old
Brickyard, New Road, Gillinghaniorset, SP&XT). The preliminary results sk the 2
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% agar mix having a refractive index between 1.881443. The Zstage inaccuracy will

make more precise measurements hagetemogluet al, 2008)

2.9.2 Scattering and absorption set up.

To test the scattering properties of ff@nmpolystyrene bead$s{gmaAldrich),

logarithmic concentrations were mixed with water and used as the immersion medium for
the lens, so the depth of scattering medium betweeernkend the sample will be the
working distance of the lens (31m on the 40X 0.8IA which is used throughout

chapterd).

2.10 Quantum dots

One of the major problems with imaging beadsnswingwhethera single bead is being
imaged or if there are multiplbeads adhered together. There can be problems if the
beads are twclose togetherAn alternative to beads quantum dots (QD). These are 5
50 nm in sizeandare highly fluorescenQuantumdots emit a wavelength dependent on
their size. This means timeanufacturing ofjuantum dohas to be doneith very high
guality control(Raufet al, 2010;Gorodetskgt al, 1996) Therefore, it is possible to
generate test slides that haargh quantum efficiency and asebresolution structures

thatwould be in known locations.

5,000,000

5 — excitation
4,500,000 A ==== emission
4,000,000 - 1. Qdot’ 525 conjugate
3,500,000 -+ 2. Qdot’ 565 conjugate
3,000,000 -+ 3. Qdot’ 585 conjugate

2,500,000 -+ 4. Qdot’ 605 conjugate
2,000,000 -+ < 0 Lo 5.Qdot’ 625 conjugate
1,500,000 [ A 6.Qdot’ 655 conjugate
1,000,000 - B 7.Qdot’ 705 conjugate

500,000 - \\‘ 8. Qdot 800 conjugate

O T T T 1 T T
400 450 500 550 600 650 700 750 800 850 900

Extinction coefficient (M"cm™)

Wavelength (nm)
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Figure 2.11: shows the excitation and emission spectra of 8 different types of quantum

dots that areommercially availableFigure supplied by Invitrogen

2.11 The generation of micro and nano-structures

Manyof theexperimentsn this thesisised microstructures to manipulate specimens

under a microscope.

2.12 Building SU8 structures using photo-lithography
SU8 (Shipley Europe LtdHerald Way, Coventry, West Midlands, CV3 2R3 a phote

resist that can be useddeatestructues ranging from ~30 to 100 um high. It can be
bonded to glass but bonds bettesitwon . A wafer of either glass a@iliconis cleaned in
an ultrasonic bath and is immersedchaetonehen isopropanol (IPA) and finally
Opticlear(AGTC BioproductdJnit 4 Fleet Business Park, Itlings Lane Hessle, HU13
9LX.) for a period of 5 minutes each. The samples are then washed down in distilled
deionised water and bledried in nitrogen so as to avoid drying marks. The wafers are
then placed in an oven at 12Dovemight (Yoon et al, 2006;Haret al, 2007) SU8 is a
substance witla known viscosity. To set the depth of SU8 it has to be spun at a certain
speed for a set amount of time. The most viscous SU8 (3@&)sed. The

nomenclature states the thickness of the layer achieved for a given spin speed. This
denotes that 3050 wilbrm a uniform 50 pum layer when spun at 3000 rpm. The wafer
wasplaced on a spinner and a quantity of St#spoured onThiswasthen spun at
1000rpm to create a layer 100 um hiffdanet al, 2007;Walsh & Franses, 2003)
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Figure 2.12: Diagram demonstrating the different heights SU8 can be built djpdm
the SUS8 technical data sheet

The samplavasthenbaked for 15 to 2@ninutes on a hotplate aa maxmum temperature

of 90°Cto evaporate the solvents aiadset the SU8There will be a border region

around the edge of the sample of amform thickness (bead). In order to make a

structure with weldefined edges, these neelddo be removed. On thin wafers, thigs

done by scoring the wafer and snapping the edges off. On a thick wafer, it cannot be cut

because it will generate patrticles in the clean room. In this case, EC suhsaarefully

appled to the broader region of the sample to dissolve away this part of the SU8 and thus

enable a uniform contact of the mask with the SU8 surface for faithful pattern transfer.

The samplavasthen ready to be exposed. A mask of the mstracturewas thermade.

Thi s

beam lithography, alternative masks have been written on acetates with a high resolution

i s

usually

a

40

or

60

quart z

waf er

printer).SU8 requires a bright field mask. This means that the phiite GU8 that are

exposed talltra violet (UV) light become cross linked and form the structure.
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With the border region of the SU8 (bead) remqikd SU8 can come into contact with

the chrome side of the mask. This minimises the diffraction from Yhigtit coming
through the holes in the mask (proximity exposure). Diffraction can be a major problem
in tall structures because the edges will become sloyadh causes them to become
unstablgKlaukeet al, 2003). Once the sample Hdbeen exposed washeated on a
hotplate at ~96C for 1 minute to allow further cross linking of the exposed areas (post
exposure bake). The samplas therdeveloped in EC developenixedin al:1ratio

with distilled water for5 minutes, washed down in distilled water to stop development of
the SU8 and dried with nitrogen. This process creat@master copy that inverse

structures auld be cast from.
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Figure 2.13: Photograph of a micrstructure as it leaves theeah roomNote the SU8 is
still covering the glass. If the structure is developed furtherbond between the
exposed SU8 and the glass weakens. This greatly increases the useable life of the
structureThe scale bar represents 150um.

2.13 Silicon orientation
Silicon wafers are extremely pure dishatcan be a variety of thicknessésthis

project 380um thick wafersvereused. Silicon wafers have a complex crystalline

orientation that is defined usimngi | |irelex&hen a wafer is cuthe surface othe
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wafer is oriented to one of the crystalline planes oftheon . In this project 100 and
110 wafers were usd&trandmaret al, 1995) (Tellier, 1998)

3,

(110)

Figure24s hows the various angl es Miller descri bed ¢t

orientations are critical to define the etch angle of the silicon.

Angle 100 110 010 001 101
100 0.00 45.0 90.0 90.0 45.0
011 90.0 60.0 45.0 45.0 60.0
111 54.7 35.3 54.7 54.7 35.3
211 35.2 30.0 65.9 65.9 30.0
311 25.2 31.4 72.4 72.4 31.4
511 15.8 35.2 78.9 78.9 35.2
711 11.4 37.6 81.9 81.9 37.6

Table 2.2Table showing the etch angle in degrees at the primary and secondary planes.

More information can be found at http://wmecleanroom.byu.edu/EW _orientation.phtml.
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2.14 Potassium hydroxide (KOH) wet etch method

A structure was created using a potassium hydroxide (KOH) wet etch mktitiatly a
100 orientation silicon wafer was used, where the orientation of the cryssadtim74.
This will give a very steep angle to the mirror. Both sides of the wafezcoated in a
silicon nitride layerthis was to protect the wafer as both sides would be immersed in
KOH. Primer was then spun on to one side of the wafer followe81848(micro resist
technologyGmbH, Koepenicker Str. 325, 12555 Berlin, Germahtoresist toa

depth of 1.5um, followed bya soft bake at € for 30 minutes and a pattenas
developed on the wafer so that the photoregstprotecting the regianthat are not to
be etched.

40000
35000 —— 31822

30000
25000 -
20000

15000

10000

PHOTORESIST THICKNESS (A)

5000 -
:

0 Il’Tl—lTlll[llllIlI'll[f"l‘jTTTllTl

1000 2000 3000 4000 5000 6000 7000 8000
SPIN SPEED (rpm)

Figure 2.15: this graph shows the resist thickness of the s1800 series of photo resist spun

atvariablespeedsTaken from the S1800 product information sheet.

89



Chapter2: Methods

After the exposure toV light, the wafewasthen baked at 12{C for nineor ten
minutes and then developed with a 1:1 mixtur®airoposit MF-319 (micro resist
technologyGmbH)and distilled waterA plasma etclwasthenperformedio remove the
silicon nitride thatvasnot protected by the photoresist, then tlader ®uld be etched in
30% KOH + 25% isopropanoland water at 88C. Thedepth of the structureas
dependent on the length of time the wafasetched. There are many factors that
contribute to the smoothness of the surface. The wafer is shownalethen
microscope images belofiFigure 216).

— silicon nitride layer

—— Silcon wafer

— silicon nitride layer

—— Silcon wafer

I

— silicon nitride layer

—— Silcon wafer

E

—silicon nitride layer

—— Silcon wafer

‘

Figure 2.16: is a schematic representation of the etching proegzesenting a 100

orientation silicon wafer with a protective layer of silicon nitride being etched by.KO
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2.15 The use of nano-imprinting to create a standard test slide.

Microscopes that are set up for fluorescent imaging techniques currently depend on the
imaging of sub resolution beads to measure the resolution of the system. This technique
is time consumig and requires some skill from the operator. When the results are
interpreted and found to be larger than expected operators sometimes lack the confidence

to believe there results, therefore this task is frequently neglected.

Therefore it is desirable @enerate a test slide that is of a known standardised pattern
would be of great interest to users how are interested in the resolving capabilities of there
system. Additionally as the pattern is known it is possible to write software that would

automatehe data analysis.

2.15.1 Requirements
The resolution should be around 100nm or below, this will require the usbedrk

patterning. There must be defined fluorescent regions it is desirable the regions are
composed of quantum dots due to there bright sigmhtesistance to bleaching, making

the test slide very robust.

It is possible to use efdlumination to locate and focus on a fluorescent target. However
it is easier to use a transmitted image to find and focus on the pattern. Therefore it is
desirableo use a translucent substrate such as glass or quartz and have the fluorescent

pattern material to be sitting on opaque metalized areas to increase contrast.

2.15.2 Using quantum dots it use in a standard test slide
Calcitecrystals are very similar tguantumdots. However, they are not fluosnt,

which is not needed in EMQuantum dad will repel each other and will therefore settle

at a certain distance apart from one other, the particles that have done this have settled at
distances apart that are ovee #xpected lateral PSF of most imaging systems, although

it should be noted that these crystals are about 1.5 um in size rather thésOthenhat
guantum dat are. However, there are still areas where crystals are adhered together. This

poses a risk ahe subresolution features being larger than expe¢iedus et al., 2007)
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Figure 2.17: this electron nicroscopeémage shows calcite crystals at 8mBuIX50pl

were sampleddiluted on a cover slip andft to dry.

A test slide that can hold fluorescent partiadeset paitions would be an advantage as it

would greatly simplify the process of taking a PSF from a microscope.

Nancimprinting wasused to create wells 200n wide and approximately 400n deep.
These wellsvereplaced 2 um apart. Thanicro bead®r quantum dot soluti@were
pouredover the structure, and the fluorescent moleddiksnto the wells Subsequently,
the rest of the solutiooouldbe removed by a gentle side flow of sabutiwith no
fluorescent material present, while the beadsestill located in the well§Leeet al,
2009;Maisch, 1981;Goldman & Wurzel, 199%his test structuravasideal for testing
the optics of imaging systems that are mainly designed for imaging slides and thin

biological preparabns,

A silicon waferwascut to 25mm square. The wafevascleaned, and HDMS primevas
spunon at 4000 rpm for 36 and then baked at 120 for ten minutes. Thikeft an even
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coating with a thickness of a few nanometres. NegN 2401 photo resistasspun on
to the sample to achieve a thickness of A@DTheresistwasspun at 3000 rpm for 30
seconds. The sampleasthen baked on a vacuum hotplate af@Gor 3 minutes. The
samplewasthen exposed on the VB6 HDOKV patterning a regular array 200 nm
squares on a pitch offn with a 16nA beam current and a dose of 650 uCGlaBnce
the sample had the design patternei time photo resisthe sample @auld be developed.
Thiswasdone inMicroposit ME™ -319for 3 minutes and then rinseddistilled water
for ten minutes to ensure that developmeitstapped before the samplasdried
under a stream of nitrogen, The sampésthen ready for dry etch. Dry etch was used to
bore directly aB0° from the surface to generate pillars that werkr2@ in height as
confirmed byatomicforce microscopy (AFM)Once the sample ddeen etchedt was
immersed in a mixture or 3@ of silane and 5@nl of heptanesThe fluidwas then
evaporated on a hotplafEhe structurdnad a thin coating of silane vich helgs protect

against mechanét damage as the structure is used as a stamp.

2.15.3 Pattern

To take a regular resolution measurement across the field of view lines will be spaced
5um apart and run in along the X and Y axis to make a grid. 3 2um squaresregion

be patterned to aid on focusing the slide.
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200nm Lines or 50nm lines

2 or 5um spacing

three 2X2um square filled- in
Spaced 300 ym apart,

1mm Pattern

Figure 2.18shows the theoretical pattern that con be used to take multiple line

measurements across the field of view of and objective.

2.15.4 Proposed method

The most cost effective method of procuring sadtide is to use Electron beam on a

fused silica substrate, generating a 1mm pattern on to a 10mm chip for ease of handling.
SAL resist will be mixed with quantum dots with an excitation peak around 490nm.
There can be a spectral shift when QDs are ih bancentrations. It is also important

that the QD are not exposed to temperatures over 150 degrees Celsius.

The planned procedur e i;Plasmacoattheewafarind®Al4 0 gl as s
resist mixed with QDs and bake for 110 C for 10 min. ussakbto write the patterns on

to the sample, post bake at 110 C for 10 minutes and develop the photoresist, multiple

washes to remove excess QDs. Then the sample will have a protective layer of SAL spun

on and the wafer will be cleaved into 1cm chips, tAé @ill be developed the any

contaminants from the cleaving will be removed. The chips will then be boxed and

shipped.
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2.16 Manufacturing structures out of the clean room.

It is desirable to create cheap structures that can be made easily and usedigabiolog
experimentsTherefore the following method was developedrderto generate a
constant supply of cheap micro structures.

Quartz pipette¢CM Scientific Ltd. 1 Ryefield Court, Ryefield Way, Silsden, BD20 0DL)
wereused to load individual cells intbe micrestructures. These have an outer diameter
of 170pum and an inner diameter of 1ién and have to be pulled to produce a tapered

end of ~9Qum inner diameter. The melting point of the quartz is approximately 3200

A P2000F laser pipette pullefSutter Instrumentgjesigned specifically for quartz
pipettesvasused. This differs from the standard P2000 puller as the laser is focused to a
smaller point to generate the heat required.

A pipette pullemwasbuilt; andit works by driving a large cuent through platinum wire.
The pipette is stretched across it and the length is slowly changed as the quartz melts. It is
then mounted and the end is crushed until it is at the appropriate diafneter.
PolydimethylsiloxaneRDMS) (Dow Corning Limited, Cardi Road, Barry, Vale of
Glamorgan, CF63 2YL3olution wasnade by mixing PDMS with the curing agent in a
9:1 ratio. Itwasthen mixed in a 1:3 ratio witheptaneThis lowes the viscosity and
allowsi it to flow through the pipedhe SU8 will bond to the[PMS making it very hard
(impossible) to lift off. The SU8 structure is placed in a vacuum chamber witha 00
afluoro-silanefor one hour to expose the SUS8 surface tdltiero-silanevapour. This
covers the structure ftuoro-silaneand allows thd>DMS to be separated from the SUS8.
An upright dissecting microscopgasused to view the structurA.quartz (fused silica)
pipette is attached to a miensanipulator and a Hamilton syringe driver and the pipette
lowered into the PDMS and the PDMS drawtoithe pipette. Once thigasdone the
pipettewasrun along the posts in the SUS8 structure, making sure the PDM310ibe
cover the posts. The structwasbaked in an oven at 16C€ for 40 minutesThe PDMS
waslifted away from the SU8 and placed onaver slip. Because of tis#lane the
structure floag, so it is placed in an ultrasonic bath with some alcohol for five minutes.
Figure 2.18 shows one of these structures, it is an array of wells that will be used to
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orientate dissociated myocytes emdso that the intercalated discs can be imaged with

greater resolution, the results of this are shown in chapter 5.

Figure 2.19: is a light microscopeaansmissionmage of arExample of a finished
PDMS structure that issed in experiment#t shows a matrix of wells that have been
formed out of PDMSIn the bottom right there is an S&Jblock visible that has become

detached from the glass substrate.
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3 Chapter 3: Microscope resolution measurement
The work presented imis chapter describes a detailed analysis of different objectives

and imaging systems, and compares the theoretical resolution to the measured resolution.
It also examines the accuracy efidve mechanisms used within microscope systems;
errors in this gsect of microscope operation may be part of the explanation as to why

theoretical and actual PSF values differ.

The aims of this chapter are:
1. Calculation of theoretical point spread function (PSF)

2. PSF measurements usiagonfocal laser scanning systendaa range of
objectives.

3. Investigate PAMgeneratedPSFs

4. Investigate the accuracy ofdtive movements

3.1 Measuring resolution:
The methods used to measure resolution are described in Chapter 2 page 9.

3.1.1 Calculating theoretical resolution

The methods used talculate the theoretical resolution are described in Chapter 2 page 8
Equation 1All results are given as FWHM of the minimum resolvable unit in the X/Y

and Z axs and can be illustrated by generating an image of an elongated spheroid the
dimensioms of which are dictated by the FWHM in X/Y and Ehis chapter addresses the
subject of resolution and sensitivity of various objective lenses in various systems.
Lenses produce different renditions of the specimen they are used to image. As a result
objective ens choice is a very important isst@ exampleFigure 3.1 showsvo images

of the same specimen imagedhe Zplanewith two different objectives. The specimen

was athin membranef collagen(approximately 2(0m thick)stained with a fluorescent

dye. The thickness of the membrawas accurately imaged in theaXis using a 40 x

objective but not measured accurately with a 10 x objective.
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A
B
C
—— 10XNA 03
1.0 —— 40X NA 0.8

theoretical wall thickness

0.9+

0.8 1

0.7 1

0.6 4

0.5+

Normalised signal intesity (AU)

0.4+

0.3 1
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Figure3.1shows the difference that can occur when imaging the same gpewiith

different objectivesFigureA shows anX/Z-image of a 20um thick collagen network

wall compogdof collagen fibres stained witHuoresceirbeing scanned with a 40x NA

0.8 objectiveFigureB shows an XZ-image of the same specimen on the samgiimga

set up being scanned with a 10x NA 0.3 objective, the resolution and the interpretation of
signal intensity is quite different between the two objectiFagjreC shows a

summation of th& and Y greyscale valuegsf a selected regiothnrough the Z saion of

the same section of the samptas possible to distinguish between the edge that is
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pressed up against the cover slip using the-plaochromat 40x NA 0.8 W, however this
information is lost using the Achroplan 10x NA 0.3 W.

3.2 Results:

3.2.1.1 Zeiss Achroplan 10x NA 0.3 W Phl
The Achroplan 10x NA 0.3 W Ph1l has an estimated PSFYEXL.11 um and Z
18.18 um at 960 nm, which is the preferred wavelength for exciting a number of
membrane binding dyes. The preferred wavelength for exciting Rhodamir@ nsr§0
which would provide an estimated PSF of XY=1.13 pum and Z=17.3 pm

3.2.1.2 Zeiss Plan-Apochromat 40x NA 0.8 W
The planApochromat 40x NA 0.8 W has an estimated PSF/¥fX0.417 um and Z
2.33 um at 960 nm, which is the preferred wavelength for exdirfANEPPS. The
preferred wavelength for exciting Rhodamine is 800 nm, which would provide an
estimated PSF of X = 0.425 um and Z 2.21 pum(Wokosinet al, 2004; Xu & Webb,
1996)
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3.2.2 Results from calculated PSF

Microscope type: Confocal

Numerical aperture (NA): 1.2
Excitation wavelength: 488 nm
Emission wavelength: 530 nm
Number of excitation photons: 1

Lens medium refractive index: 1.333
Back projected pinhole radius: 300 pm
Specimen medium refractive indeix333

FWHM
X/Y=0.215pum
Z= 0.639um

Thecalculated PSFabove)and thevariables useth thecalculaton are shown above
using formulae2.8 and 2.9.The same variables are used to calculdtedneasured PSF

values

Results from Measured PSF

ThemeasiredPSFsarelarger than théheoreticaPSFs meased from the BioRad
Radiance 2000 using a Nik@®x NA1.20il objective which contrasts from the

calculated results.

Microscope type confocal

Numerical aperture 1.2

Excitation wavelength 488 nm
Emission wavelength 530 nm+
Number of excitation photons 1

Lens medium refractive index 1.333
Back projected pinhole radius 300 pum

Specimen medium refractive index 1.333
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FWHM

X=0.570 um

Y=0.548 pm

Z=2837 pm

The above shows the measured PSF resitltsthe same variables as the calculated PSF

3.2.3 The effect of NA on the resolution

The PSF of an optical sectioning system is dependent on the numerical aperture of the
lens and the wavelength of excitation and emission light being used. As the numerical
apertue is decreased, the PSF will become elongated until it looks more like a column of

light. Figure 326 below demonstrates this:

—m— |ateral Resolution
—@— Axial Resolution

18 ~

16 °
14 -

12 4

PSF(Microns)
o 6
1 " 1 "

(o2}
1

\
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NA of Lens

@
\.\.

Figure 3.2: A simplified calculated PSF and its dependence erNiA. Fine
opticalsectios cannot le achivedising a low NA objective due to thecollimatng
shape the PSF adasptith a low numerical aperture lenBhis techniques used tacreate

fine structures in photoesist(Tehet al, 2005).
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Summary of Calculated PSF

Imaging system NA  X/Y(um)Z(um)
Zeiss 5Live (PlarApochromat 20x/0.75) 0.75 0.34 2.08
Zeiss upright Two Photon

(Achroplan IR 40x/0.8 W) 08 04l 233
Zeiss 510 A (GApochromat 63x/1.2 W corr) 1.2 0.21 0.63
Zeiss 510 B (EApochromat3x/1.2 W corr) 1.2 0.21 0.63
Zeiss 510 C (Plachromat 63x/1.4 Oil Ph3) [1.4 0.18 0.51
Zeiss Exciter (plasApochromat 63x/1.4 Oil DIC1.4 0.18 0.51
Olympus (plapon 60x o0 na:1.42) 1.42 0.18 0.48
Olympus (uplsapo 60x W NA:1.20) 12 021 0.63
Olympus (uplsapo 60X O NA:1.35) 1.35 0.19 0.46
BioRad (60x PA Water / 1.2) 1.2 0.21 0.63

Table 3.1; shows the theoretical FWHM values in the X, Y and Z axes for a series of

objectives readily available within the Biomedical and Bioengineering laboratbtiles

University of Glasgow.

The PSF from the objectives listedeasuredising fluorescent microspheres using single

photon excitation 2488 nm as most confocal systems have either a 488 nm Argon or

diode laseifwo-photon systemased960 nm, as this the longest wavelength the older

Coherent Tisapphire Chameleon laser can emit and is very close to double 488 nm

(although it is important to note that many dyes do not have -pltton excitation

spectrum that is simply the oip@oton excitation spémim doubled)
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3.2.3.1 Summary of measured PSF

Imaging system NA  X/Y(um)Z(um)
Zeiss 5Live (PlamApochromat 20x/0.75) 0.75 1.9 2.76
Zeiss upright Two Photon
(Achroplan IR 40x/0.8 W)
Zeiss 510 A (GApochromat 63x/1.2 W corr) 1.2 044 2.97
Zeiss 510 B (GApochromat 63x/1.2 W corr) 1.2 049 1.44
Zeiss 510 C (Plavchromat 63x/1.4 Oil Ph3) 1.4 051 4.28
Zeiss Exciter (plasApochromat 63x/1.4 OilDIC 1.4  0.45 2.03

08 041 1.74

Olympus (plapon 60x o na:1.42) 1.42 0.31 1.76
Olympus (uplsapo 60x W NA:1.20) 1.2 034 2.4
Olympus (uplsapo 60X O NA:1.35) 1.35 0.31 1.42
BioRad (60x PA Water / 1.2) 1.2 052 2.52

Table 3.2:Shows the measured PSFs from various microscopes. All variables were kept
the same except for the pinhole, which was calculated by thefnrmmmut ur er s 6 soft wa

the optimalpinhole sizewvhich is one Airy Diametemunless twephoton was used.

Singlephoton systems use a 488 nm excitation source as most confocal systems have a
488 nm laser, whilst twphoton systems excite at 960 nm. Thithis longest wavelength

the older Coherent Chameleon laser can emit. Note th@hweton imaging system is
highlighted in red. This is because there has been an insufficient®gmake ratio and

the PSF has been calculated to be smaller than wha&iietital possible. This is

discussed in the next section.
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Below is the technical detail of some of the objectives uséais project along with
details of the measure PSF data taken from these objective$ which where being

used as single pion confocal systems.

104



Chapter3: Microscope Resolution Measurement

3.2.3.2 Olympus Uplsapo 60X NA:1.35
Magnification 60X
Numerical Aperture 1.35

Working Distance [mm] 0.15

Coverglass Thickness [mm| 0.17

Immersion o]]
Field of View [mm] 26.5
Correction Ring [Kort] No
A

600 -
500 -
400 -
300 -

200

Signal intensity (AU)

100 +

-100

X Axis (um)

FWHM = 0.27pum

B
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Figure 3.3 shows data from the Olympus Uplsapo 60X NA:1Bgures A, B and C
show the Gaussian fits to the original data in the X, Y aa®es. Figure D shows the
transmission efficiency at various wavelengths. Figure E shows a technical drawing of

the objective lens used (supplied by Olympus).
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3.2.3.3 Olympus Uplsapo 60X NA:1.2
Magnification 60X
Numerical Aperture 1.20

Working Distance [mm] | 0.28

Coverglass Thickness 0.13

[mm] 0.21
Thread Type

Immersion Water
Field of View [mm] 26.5
A

400

350

300 +

250

200 +

150

Signal intensity (AU)

100 +

50

0.4 0.2 0.0 0.2 0.4
X AXxis (pum)

FWHM = 0.33pum

B
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Figure 3.4 shows data from the Olympus Uplsapo 60X NA:E@ures A, B and C show
the Gaussian fits to the original data in the X, Y and Z axes, respectively. Figure D shows
the transmission efficiency at various wavelengths. Figure E shows a technical drawing

of the objective lens used (supplied by Olympus).
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Olympus Uplsapo 60X NA:1.42

Magnification 60X
Numerical Aperture 1.42
Working Distance 0.15
[mm]

Coverglass Thickness| 0.17
[mm]

Thread Type M27x0.75
Immersion Oll
Field of View [mm] 26.5
Parfocal Lendt [mm] | 45.06
Optical System ICS
Correction Ring [Korr] | No

A

350 —
300 —
250 —
200 —

150

Signal intensity (AU)

100 +

50

-50 T T T T T T T T T
-0.8 -0.4 0.0 0.4 0.8

X Axis (um)

FWHM = 0.32pum

B
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Figure 35 shows data from the Olympus UplsagXaNA:1.42 Figures A, B and C
show the Gaussian fits to the original data in the X Y and Z axis. Figure D shows the
transmission efficiency at various wavelengths. Figure E shows a technical drawing of

the objective lens used (supplied by Olympus)
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3.2.34 Zeiss C-Apochromat 63x/1.2 W corr

Magnification 63X

Numerical Aperture 1.2

Working Distance [mm] 0.28 at cover
glass 0.17

Coverglass Thickness [mm| 0.140.19

Thread Type M27x0.75

Immersion Water

Field of View [mm] 25

Parfocal Length [mm] 45.06

Optical S/stem ICS

Correction Ring [Kort] Yes

A

500

400

300

200

Signal intensity (AU)

100 +

X Axis (um)
FWHM = 0.29um

B
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Transnittance [%1
&

D Havelength [nnl

Figure 3.16 shows data from the ZeissApochromat 63x/1.2 W corEigures A, B and

C show the Gaussian fits to the original data in the X Y and Z axis. Figure D shows the
transmission efficiency at various wavelengths. Figure supplied by Olympus. Figure E
shows a technical drawing of the objective lens usegure suplied by Zeiss
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3.2.35 Zeiss plan-Apochromat 63x/1.4 Oil DIC
Magnification 63X
Numerical Aperture 1.4

Working Distance [mm] 0.19

Coverglass Thickness [mm| 0.17

Thread Type M27x0.75
Immersion Oll

Field of View [mm] 25
Parfocal Length [mm] 45.06
Optical Sytem ICS
Correction Ring [Korr] No

A

500

400

300

200

Signal intensity (AU)

100 +

X Axis (um)
FWHM = 0.57 um

B
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Figure 3.7 shows data from the Zeiss ptApochromat 63x/1.4 Oil DICFigures A, B

and C show the Gaussian fits to the original data in the X Y and Z axis. Figure D shows

the transmission efficiency at various wavelengths. Figure E shows a technical drawing

of the objective lens used. Figure supplied by Zeiss
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3.2.3.6 Nikon Plan Apo 60x PA Water /1.2
Magnification 60x
Numerical Aperture 1.2

Working Distance [mm] 0.22

Coverglass Thickness [mm

Transmission wave lengths 340/ 1100nm

Immersion water

Field of View [mm] 14

Parfocal Length [mm]

Optical System

Correction RingKorr] yes

600 -
500 -
400 -
300 -

200

Signal intensity (AU)

X Axis (um)

FWHM = 0.70pm
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Figure 3.8shows data from thdikon Plan Apo 60x PA Water / 1.Eigures A, Band C
show the Gaussian fits to the original data in the X Y and Z axis. Figure D shows the

transmission efficiency at various wavelengths.
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3.3 Measurement of resolution using a structured light
microscope

The optical abilities of the selective illumination microge prototype are entirely
dependant on the pattern that is being displayed on the SLM. In this project there were
patterns used to simulate wide field imaging as well as scanning pinhole arrays and faster

scanning slit arrays

3.3.1 Preparing patterns to display on the Spatial Light Modulator
The spatial light modulator takes-B# bitmap images and displays them in a rapid series

of on and off pixelsln order to generate the appropriate bitmap imadéatiab code
was written that creates binary tiles of thegterns desired and then fills the 12B40
array with the tile pattern and then saves it as a bitmap image. The following patterns

shown are the tile bitmap imagé€Bleil et al, 1997)

3.3.2 Patterns used

Patterns were used to image the 1 um beads and the dim@Ensi@asurements of the

beads were taken. The patterns were:

3.3.3 Wide field patterns

This is the simplest pattern where all the pixels are on. This simulates a simple wide field
image. Similarly, all the pixels could be turned off and the light would tramehdhe
non-conjugate pathway, and there would be an added light to this pathway because of the
issue with the light only being rotated by 60 degrees. The wide field pattern simply

displays a series of white pixels.
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UNIVERSITY

of
GLASGOW

Figure 3.9show the conjugate chanrai the left and the neconjugate panel on the

right. A Chroma test slide is being imaged at the stage to give a uniform background. The

SLM is displaying the University of Gl asgowbo
t hat t he A ofLMgaugeiha ahdnsel tmhave nalight irBthese areas,

however in the nowwonjugate channel the blacks are not true blacks, this is caused by the

light leak caused to the partial polarisation of the light to 60 degrees instead of 90. the dirt

that is visibé in this image is either on the SLM as it is a focal plane or capbeure

blades of the system.

3.3.4 Scanning pinhole patterns

There were two basic patterns generated by a grid ebyatavo with one active pixel.
This will channel 25% of the light intilne conjugate channel and 75% of the light down

the nonconjugate channel. When the light rotation issue is taken into account 17.5% of
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the light will go into the conjugate channel and 82.5% into thecooijugate. Depending
on the pixel size, there is Aance of crostalk between the active pixels. Ookthese

patterns is shown in Figurel®:

Figure 3.10shows the first sample confocal pattern used with the SIMP. The colours
represent the sequence that the pixel will be turned on oFtoff.is a epresentation of a
single point, the pattern is repeated to fix the SLM aiTfagse colour images are the
physical image that is generated by the Matlab program. However the SLM will interpret

these files as a series of 24 on/off commands for each pixel

The second pattern is a 3X3 tile with one active pixel. This has a slower scan speed and
should give better optical sectioning, however as the maximum number of frames this
pattern can occupgrel18 has if the full 24 frames where used this would causeem
illumination of the samplethis means that the last 6 frames must be set to off. This is
effectively a 25% light loss, as the pattern will only channel 11% of light down the
conjugatdight path when it is working optimallglue to the 60 degree padkation issue

This coupled with the light rotation issue, and we can only expect 5.7% of the light to be
channelled into the conjugate path. This can cause problems as there is a high probability
that the side of the chip of the EMCCD being exposed tadheonjugate channel will
saturate before the conjugate channel has had enough exposure for an adequate signal to
noise ratio. This can be solved dympletelyblocking the light from the nenonjugate
channeland expomg for longer periods of time, thiwas done in all of the high confocal

patterns that where run in this chapter.
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Figure 3.11 This pattern generates a slower scanning rate but a more highly confocal
pattern for the SIMP. The colours represent the sequence that the pixel will beoturned
or off. These colour images are the physical image that is generated by the Matlab
program. However the SLM will interpret these files as a series of 24 on/off commands

for each pixel

3.3.5 Scanning slit patterns

The second type of pattern that can be geed is a pattern where the pinhole is actually
and slit and is scanned across the image. These lose some confocal ability. FAgure3.
below shows two generated patterns, one of which has one of four lines active, and the

second pattern has one of twefayr lines active:

A B
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Figure 3.12 shows two simulations of slit scanning confocal patterns that could be used
with the SIMP, These colour images are the physical image that is generated by the
Matlab program. Howevehe SLM will interpret theselfs as a series of 24 on/off

commands for each pixel.

3.3.6 Experimental data from PAM

The PAM was setup using several EMCCD cameras. However, the PAM seemed to be
suffering large amounts of light loss that dramatically affected the sensitivity. As a result
1 um beads had to be imagd®SF measurements could not be make, however the edges
of the bead can be examined.itMthelong exposuréimesthesdong exposure times
caused very noisy images on the EMCCD due to the dark noiseAlsdtes non
conjugaternage would cause saturation and possibly blooming on the EMCCD the non
conjugate channel light was not collected, therefore it was not possible to subtract the

nortconjugate channel from the conjugate channel.

The following diagrams show PSF measuremétiesl to three Z stacks of 1 um beads
using a OlympusUplsapo60x NA 1.25 lens. The first recording was taken with the
EMCCD camera mounted directly onto the microscope side port. The second was taken
through the PAM with all the pixels on thpatial Ight modulatoron so it is simulating a
wide field microscope. The third image was taken with the PAM running a highly

confocal pattern.
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Figure 3.13 Show experimental results from the camera being mounted diogcttythe
Microscope with out the SIMAFiguresA, C and E show the fluorescent bead and where
it is being sectionedt 0.2um intervalsFiguresB,D and F show original data of the
section bead on the X, Y and ZAesxalong with a Gaussian fit.
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Figure 3.14 Show experimental results from thelective illumination microscope
prototypewhere the pattern was simulating a wide field microscbgresA, C and E
show the fluorescent bead and where it is beewionedFiguresB, D and F show
original data of the séion bead on the X, Y and ZA ax@long with a Gaussian fit.
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Figure 3.15 Show experimental results from teelective illumiration microscope
prototypewhere the pattern was simulating a spinning disk micros€pe pattern from
Figure 3.4).FiguresA, C and E show the fluorescent bead and where it is being



sectionedFiguresB,D and F show original data of the section beathenX, Y and ZA

axes along with a Gaussian fit.
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Pattern X(pum) Mearx STD | Y(um) Mearx STD | Z(um) Mearx
STD

White 1.54+0.3 1.4+0.12 3.55+0.18
SlitScan Pin=1 Speed 5 1.35+ 0.10 1.33+0.10 3.58+0.13
PointScan Pin=1 tile =3| 1.13 £ 0.07 1.10+0.B 3.79+£0.10
PointScan Pin=1 tile =2| 1.29 + 0.12 1.3 +0.07 3.71+£0.13
PointScan Pin=2 tile =1} 1.32 £ 0.12 1.25 +0.02 3.7+0.13
PointScan Pin=2 tile =8| 1.44 + 0.04 1.28 £ 0.09 3.8+0.05
NoPam 1.66+0.24 1.73+0.10 3.2+0.12

Table 3.3 showsthe FWHM from various different modes of thelective illumination
microscope prototypset up where from theum beads imaged with a 60X NA 1.2 oil

lens.

— Wide field simulation

—— Confocal Simulation
1.0 1 \ Camera mounted on side port
2
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Figure 3.16 Shows the Zaxis in different modes of the SIMP. Nonetloé patterns used

demonstrate optical sectioning or an improvement in resolution.
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From the results from the SIMP show that there is no significant optical sectioning
acquired by the SIMP systemere is a small improvement in X/Y resolution however it
is not significant enough to justify the use of the systéhere arewo likely causes of

the lack of Z sectioningThe optical surfaces of the SIMP had become contaminated by
dirt and it was not possible to clean these surfaces without risking damagesysetéme.

This could cause diffraction in the light paths causing a loss of resolution from the SLM.
The second issue is the lack of light, this system had to illuminate a2€urface and

this was being done with a 470nr&D. This was meant that very lgtsignal was

arriving at the specimen, and was causing issues with acquiring the image.
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3.3.7 Z-stage movement

All commercially available optically sectioning microscopes depend on stepping motors
moving either the specimen or the objective lens relatiieet@pecimen in order to

image different planes. To further investigate the accuracyafiZimaging, the

accuracy of the stepping motors was assessed. This was achieved by measuring the
moving part of the microscopes position relative to the rest ahibscope using a
Heidenhain MT 60K probe. The methods that are used are described in more detail in
Chapter 2 Pag@o0.

10 4

Requested postion (um)
X

0 T T T T T T T T T 1
0 2 4 6 8 10

Reported Position (um)

Figure 3.17 Shows the initial positional measurements from a confocal Zeiss 510
microscopewvhen requestetb move 1um steps three timéise solid line is the line of
identity. It is noticeable that the microscope underestimates the stejit sils® does not

produce reproducible movements.

Graphs 3.181 show single pm steps taken with a variety of miapss in ascending

and descending modes. A series of 5 200 nm steps where also preformed in order to see if
the error was cause every time there was a move command or where the error was
associated with distance travelled.
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Figure 318 shows the data from the Zeiss 510 tplooton microscopefter performing a

10 step procedure 3 times.
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Figure 3.19 shows the data from differentZeiss 510 confocal microscopier

performing a 10 step procedure 3 times
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Figure 3.20 shows the data from the BRad confocal microscopater performing a 10

step procedure 3 times.
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Figure 3.21: shows all the Zeiss 510 microscopes that were teBhesidemonstrates

how much variation there was between the systems that have very similar set ups.
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Graphs 3.18 to 3.21 show that there is a largeauracyin Z stage drives that shows no
hysteresisvhen being driven in either direction. The Figures 3.22 to 3.24 shosathe

systems when performing 5um steps.
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Figure 3.2 This figure shows the Zeiss upright tpboton system moving in 5um
steps.On some runs the accuracy is high however there are runs where the system
underestimates the firdiree steps. The format of this graph shows the cumulative effect

an inaccuracy in Atage positioning can have.
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Figure 3.23 Shows the BioRad confocal system moving in 5um steps. The BioRad

system shows highly reproducible aacturate Zstage movements.
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Figures 3.2 The Leica SP5 show reproducible results but the system continuously

underestimated the step size.
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System steps 13 steps 410 steps 13 steps 410
(Apum steps | (Apumsteps | (5 umsteps | (5 umsteps
Zeiss upright
2P (after 0.60+0.31 0.77+0.32 3.66+ 1.38 4.94+0.38
moving)
Zeiss upright
0.66+0.33 0.62+1.58 4,95+ 0.48 5.16+0.41
Two Photon
Olympus
0.8+0.13 0.94+0.11 4.71+0.53 5.16+0.41
Leica SP5
0.43+0.29 0.65+0.24 3.1+0.99 4.55+022
Zeiss Five
) 0.60+0.57 0.79+0.57 3.2+1.53 4.84+1.03
Live
21essSI0Al 154+ 0.19] 0.75+0.18| 3.54+1.03 | 4.92:0.22
21essS10Bl 791022 | 0924014 | 43:081 | 5.00:0.12
21ess 510 Cl 5 944008 | 0.99+0.04 | 5.01:0.18 | 4.79 + 0.69
Ziess 510 D
0.31+013 0.60+ Q18 3.53+0.79 | 4.79 £0.69
Ziess 510 E
0.76+0.19 0.91+0.12 448 +0.61 | 5.02 +0.13
BioRad
0.61+0.2 0.89+0.10 4.56+0.63 5.04+0.244

Table 3.3Shows results from the monitoring of the Z stage movements of various

imaging systems used for research.
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3.4 Discussion

3.4.1 Uniformity of resolution across the field

One of the important factors that can effénet resolution measurements is if the back
aperture is not illuminated propeyg described in chapter 1 section 1.8 «vould also

mean that the resolutioneasurements would be different across the field of View.

order to check for this a fluorescent Perspex slide was imaged and ESF measurements
taken at different point in the field of view as described in Chapter 2 section 2.6.

6.0 1
5.5
5.0
454

4.0

ESF(um)

3.5

3.0 1

2.5

20 T T T T T T T T T
-2 -1 0 1 2

Position in frame (AU)

Figure 3.2 shows several ESF measurements across the same field oAvighvoma

test slide was images and-atep frequencgf 0.2um was usedthe ESF was calculated
using the method described in section 2R8gion 0 is the centre of the frame whil
regions 2 and2 are the outer extremities of the field. There is a small increase in Z
resolution however it would be expected to be in the middle of the frame rather than in

one corner of the field.

From the results of this scan it is apparent thailthmination of the back aperture is

fairly uniform.
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3.4.2 The effect of noise on point spread function measurement.

Separate computer simulations were run to estimate how varying levels of noise affect
the point spread function. This established wheth@obnoise had a greater influence

on the PSF measurements than the optical aberrations of the objective lens. A program
was created that generated a perfect Gaussian curve which had a large Z FWHM
measurement &.33um, which is the calculated theoretld® SHas described in section

2.4). Then a certain amount of Poisson noise could be added to the Gaussian distribution

after the distribution had been created
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Figure 3.27 This graph shows the results of adding increasiteghyer noise signals to

the Gaussian distributioiach level of noise was simulated and measured 1000 times.
The errors where so small that they cannot be drawn on this Bhate.is very little

error in the measurements however there is a large @iaheffect on the FWHM
measurement3.he red dotted lines show the measured signal to noise ratio of the
recording taken earlier in this chapter. The ESF measurements have a much more
advantages signal to noise ratio, The PSF signal to noise ratighyslower but still

not in the range where a lack of signal would be adversely effecting the measurements.
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In order to estimate the noise leviie where present in live cell recordings
measurements were taken from the Zeiss 510 Descanned detdutbrswere held at a
constant gain of 62%arying levels of laser power were used to generate different signal
intensities. The mean of the signal along with the variance was then measured. It is
important to maintain an exposure where there is an evess{aauistribution. If the

signal becomes too close to the extremities of the PMTs dynamic range, the signal will
start to become cropped and will no longer be repraseatof a Poisson distribution,

due to the clipping of the sides of the distributiam do the limitations of the dynamic
range A Chroma test slide was imaged so that fluorescence occurred and photon noise
could be taken into account as it is one of the largest contributors to the noisdtlevels.
was important that there are no filtensthe system, the PMT defines the maximum
bandwidth of systemThe sampling rate of the recordings needs to be hgh/for the

integration time of the PMTo start acting as a filter.
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Y=80.9X-14226
50000
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500 1000 1500 2000 2500
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Figure 3.28this graph shows the variancesignals plotted against the mean signal

taken from a 51@P system.
The averagsignal to noise ratifor PSF measurements was 52inal to 48% noise

from the bead measuremeatsd 85%signal to 15% noise from the Chroma test slide in

theESF measw@wmentsThere isa linear relationship between the mean and variance
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(figure 3.32) In theory, photon noise is a Poisson distribution where the mean is equal to
the variance. The dark noise and read noise fromyistem was measured. The effefct

this type of noise was very low. As the linear fit is very close with &0R9, the

gradient of the linear fit was a8 This provides the conversion factor to allow the data

to be transformed to allow the variance to be equal to the mean value if necessary,

30
25

204

Variance
=
[4;]
1

104 Y=1.00X

Mean

Figure 3.29 this graph shows the same data set but with the amplitude of the signal divided by
the gradient of the linear fit from the last plot. This makes the data set representative Poisson

distribution of the photon noise.

Simulations othe measured photaoroise were run on a theoretical PSF that had a
measuredWHM of 2.3um after running several noise simulations on the PSF using
noisevalues measurdaly the Zeiss 510 PMT at a gain of 629, the results frorR8fe

measurmentsconsistently measured at 3.0um = 0.01um.
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Figure3.29 Shows the supemposedmeasurements from similar seg (all 83x NA1.2
lenses using 488nm on a confocal setrigureA shows tle lateral measurements which
are very similarFigureB shows the axial resolution varies significantly. In this chapter
the causes of the variation of axial resolution have been investigated. The measured
amount of noise on the systems used effects thesblution by a constant amowas

discussed in 3.4,2here is little resolution difference across the field of view. The

142



Chapter3: Microscope Resolution Measurement

accuracy of the Btage was found to be inconsistent and varied greatly in different

systems

3.5 Z-Axis Measurements used to correct PSF values.

It is now possible to correct the PSF measurement on-theésdy estimating the

distance the &tage actually moves and applying it to the PSF. The protocol on most
microscopes was to start well above the bead and take 10Qun(Z2samplesThis is a

total of 20 um and the-PSF is at most 3 um in size. It is therefore safe to assume that
the larger underestimation that applies to the first 3 um of the stages movement does not
need to be taken into account. Three microscopes underwent acoarate

measurement system where the stage was moved 0.2 um five times and then a

measurement was taken. These resutieas follows

BioRad GCRC Zeiss 510 Zeiss Two-Photon
Mean 1-3 um Stdev 1-3 Mean 1-3um Stdev 1-3 Mean 1-3 um  Stdev 1-3
0.52 0.28 0.75 0.13 0.22 0.10

Mean 4-10 um  Stdev 4-10 | Mean 4-10um  Stdev 4-10 Mean 4-10 um  Stdev 4-10

0.88 0.12 0.96 0.09 0.66 0.33
Z-PSF =2.52 uym Z-PSF =2.97 ym Z-ESF =3.5um
Corrected PSF Corrected PSF Corrected ESF
=2.21+0.30 =2.85+0.26 =2.31+0.73

Table 3.4 shows the corrected resolution measurements with-giegestepping error
taken into accounfll of the Z axis measurements were recorded with at least-100 z
slices so first 3 will be out of the Z axis measurements leer@fiore discounted, therefore

a constant correction factor was applied to the Z axis measurements.

It is interesting that the-8tage movements were very variable. The original hypothesis

was the weight of the objectives or specimen stage causes higséer¢here could be an
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uneven load on the stepping motors dependent on which direction the stage was
travelling. Howevethis was examined and none of the systems demonstrated this. Most
of the systems demonstrated an underestimation of movement anstthierée steps.

This could possibly be due to an uneven torque load on the motor.

3.6 Refractive index changes and the Z-position

Another factor that affects the position of the focal plane that is being imaged i
mismatchesn refractive index. This is caed by the photons changing the angle they
travel at with every refractive index interface that they come across, as described by

Snel |l 6s Law:
Equation 3.1

sing, _ sing,
Nl N2

where d describes the angl e t hcebeptieot ons enco
refractive indexes of the two substances. Water immersion lenses are designed to have a

cover slip of 170 um (Glass N=1.515) between the element and the specimen. Most water
objective lenses also have correction collars to compensate for wkiffieicknesses of

cover slips. It is important to set these correctly as spherical aberrations can be

introduced. Due to the smaller working distances of the objectives used for confocal

microscopy the effects of refractive index mismatch will not be perpounced.

However, in twephoton deep tissue imaging, the effects can be quite pronounced due to

the large working distance of the objective from the plane of focus, which can shift by

hundreds of microns. The diagrams in Figure 3.36 show an estimfhowdar the

plane of focus is expected to shift due to refractive index mismatching. The refractive

index of the Tyrodeds solution was measured
the complexity of measuring cardiac muscle refractive index, aereferbovine cardiac

muscle is used which was found to be at N=1&d8kx et al, 2005)Because the front

aperture othe Achroplan IR 40x/0.80 W is unknown it was calculated from the

numerical aperturand working distance.
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Working distance 3.6 mm NA= n sind
NA=0.8 sind-1 =NA/n
s i +1 =0d8/1.333
=36.8
A B
5.38mm 5.38mm
n=1.33511 - nl=3500microns
N2 n2=100microns
n=1.383
working distance= 3500+91.1=3591.1
36.8DeQ
5.38mm
5.38mm 4940
n=1.33511 S3ZDeq
/\ n1= 300microns
532069 n2=3300microns
n=1.383 working distance= 300+3010=3310
n=1.33511
50.6
n=1.383 5.38mm
n=1.33511 ESElRed
nl=Omicrons

n2=3600microns

working distance= 0+3010=3270
n=1.383

Figure 3.36describsthe error in reported depth as the aberration caused by refractive
index becomes more seeenl and n2 refer to two mediums nl has a refractive index of
1.33 while n2 has a refractive index of 188the photons enter the cardiac muscle there
is a small change of angl€his could result in a focal plane shaftup to 330um if the

full 3.6mmworking distance was used.
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3.8 Conclusions

The results from this chapter highlight the importance of performing proper controls on
optical sectioning microscopes before attempting biological experiments, as the measured
results are often much larger thiwe calculated result¥he noise on the system can

cause problems for making fine resolution measurements as well as the misreported Z
stage positions causing a disproportionate elongation of-thesAesolutionHowever

the zaxis error do not full gxain degradation of the PSF and ESF measurements that

were observed in this chapter.

Theselective illumination microscope prototypas found to have no benefits in optical
sectioning compared to a conventional wide field system; this is contraryato wh

previous studies have found. Téaective illumination microscope prototyteat was

used had not been used in some time and had been transported from another lab. It is very
possible that the optical surfaces had become contaminated with dust thajecrate
diffraction problems or the components had moved out of alignmenectify these
issuesheselective illumination microscope prototypeuld have to be sent t@airn

Research to be serviced, howethex senior managers in the company tedtselective
illumination microscope prototypgystem was not of sufficient commercial priority to
warrantthe cost of a servicing/repair of teelective illumination microscope prototype

system, at the time of writing, no systems have been sold comiyercia
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4 Chapter 4: Artificial myocardium

4.1 Introduction

The previous chapter described the measured resolution performance of various imaging
systems. There measurements were made under
objects were bright relative the background and the optical properties of the specimen
were not significantly different from water. However, these measurements are not
necessarily realistic representations of the conditions present in biological studies,
particularly studies involvinghuscle tissue. Previous studies have shown that the PSF of
an imaging system is dependent on the intervening depth of tissue, this is thought to be a
consequence aneor more aspects of the optical properties of biological tissues
(Shaevitz & Flécher, 2007)In this chapter, different aspects of t#ical propertie®f
cardiacmuscle are investigated in an effort to determine the basis for (and quantify) the
optical distortion at wavelengths use for multiphoton imaging.
The major focus of tlsichapter is resolution issues associated withpiagion imaging.
The larger working distance ofanytwo-photon systems mean thatithés the potential
for a considerable distance of the optical path to contalodical tissueThere have
been previos attempts to study resolution of tphoton resolution in vivo however
these have encountered complicatidrieese included sukesolution beads exhibiting
oscillatory motiorwhen located inside the cardiac muscle. There where also recorded
instances ofafractive index heterogeneiteckerle, 1984;&chenhagen &
Zimmermann, 2005;Kofidist al, 2002;Subbaraet al, 1995;Younget al, 2011) For
these reasonassessmerf resolution in biological material can be very difficult and the
use of phantom tissue pseferable.
On the bais of the analys of optical properties described in Cteapl,Section 6 3
main optical phenomena were chosen which together account for the means through
which light can interact with biological tissue, i.e. light scattering, refraatidex,
intrinsic fluorescenceThe aims of this chapter are:

(i) Investigate the effects of light scattering on f@l@ton imaging.

(i) Investigate the effects of refractive index changes orpwaion imaging.

(i) Investigate the effects of intrinsic fluorescent dyes onphvoton imaging.



Chapterd: Artifici al Myocardium

4.2 Methods

The following results where abibtained undethe samestandardisedonditionsusing

the upright Zeiss 510 two photon systewth the PMTs set at a constay#inof 629 and

the laser power at 5#&nd the same objective lemg, a Zeiss AchroplaiR 40x/0.8 W

the artificial myocardium samples where immersed in a sample bath in a similar set up to

that used to image isolatbééarttissue

4.2.1 Back ground signal measurements

It is important to ascertain the contribution of the backgrdigid and PMI dark current
to the signabn the individuahondescanned detectofdgure 4.1shows the results of
scans donabove dest specimen in view of the objectitcemeasure the effects of

ambient lighton.
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Figure 4.1shows theesults from when the dark current and ambient room light was
measuredOver 1mm with a stepping interval of 10um. to investigate where the major
contributions of the noise from the signal arises from, this graph shows very small noise

signal showing thahe major source of noise is photon noise
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The Adarkcurrent scan was done with the shut
scan was done with t hoe ssuhauwoneé \iththergomiights The fil

off but the room was illuminated by tWwarge computer monitors.

All experiments usingthetwp hot on system where conducted u]
conditions.Using a standardised gain setting for the PMT, a signal magnitude of ~300

units was recorded when the shutter to the PMT was closed (~8f# mlaximum

recordabl e signal i.e. 4096) . This backgr ou
i.e. light independent signal and the minimum value that can be measured under these

conditions, as expected this value showed no dependence on objesiil@p®pening

the shutter and recording over 1 mm range of objective position registered as a slight

increase in signal the further away the sample was from the objective. This is possibly

due to the distance increasing and allowing greater amouatdbagntlight to enter the

objective. However, it is not a significant amount to warrant taking into consideration

when imaging. This effect was greater when both monitors were switched on (i.e. normal
operating mode), but even under these conditions tHeytmaand signal was only ~5%

above the dark current signal and does not represent a large contaminating signal.

4.2.2 Line spread function measurement.

As discussed in Chapt2rsection6 it can be difficult to obtain a valid PSF measurement
from some imaging sfems due low signal/noise and uncertainty over the position of the
standard. This is particularly the case with 2P system that has been optimised for deep
tissue imaging, where the tissue scatters a considerable amount of light reducing
excitation and enssion signals. To overcome this, an alternative tersgblution beads

was used, namely the imaging of a solid fluorescent surREsgesslide) which

provides a sulbesolution transition from zero taaximum fluorescenca the Z axis to
generate a lim spread function. This was achieved by imaging an edge of a fluorescent
Perspexsurface in the z axis, differentiating the signal and taking a FWHM measurement
as shownn figure 4.2. The scan was conducted with excitation at 930nm, the PMTs gain

was sett 629 unitsaand the laser power was kept at.5%
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Figure 4.2 shows the original sigmoidal curve of asgction through the z axis.

Depth (um)

Figure 4.3: Shows the differentiated version of the rising partigiife 4.1 The edge
spread function FWHM is 2.22 yum.
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4.3 Reproducibility of fluorescent standard

Fluorescenslides were obtained from Chroma ahd consistency of the Chroma

Perspex standards were examined, each slide fluoresced to varying extents; however
within each Chroma slide the fluorescent value is highly consistent across the slide and
on both sides of the slide. As Shown in figur¢ 4.

2500 -
2000
1500

1000

intensity values (AU)

500

Position (um)

Figure 4.4shows the summation tie X and Y pixels of a z stack to generate a singlez
slice value othe surface of the slide taken from different sides of2thema tesslide.

The different curves represent individual measurements.

The fluorescent slide was tested to make sure that constant fluorescent intensity was
being given off thoughout the slide at the standard setting used. This was found to be the
case. The laser was also tested at the start and end of the experiments to check its
stability, and the laser was found to output 128 mw at 920 nm when set to 99% power.
This was donevhen the system was in framseanning mode, so the laser output will

have been disabled some of the time during the fly back, so this value is averaged power
intensity at the objective. The system was set with the laser power at 5% and the PMTs

where seto 629 units throughout all of these experiments, and the 40x NA 0.8 lens was
used.
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The measurements from these slides are taken by sampling 100 x 0.2 um steps at the
surface of the slidduring these measurementete is a notuniformity of the

illumination of the field of view as shown below in Panél 4.

— X-axis
— Y-axis
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Figure 4.5A shows the illumination pattern when a uniform fluorescence is imageésl.
image should be a uniform intensity across the figigure 4.5B shows a mss section
across the Xand Yaxis of the imageThere was also a small differenicethe intensity
profiles from the two PMTs on the system.

Great care was taken to insure the slide was seated perfectly level, many sprate
measurements where taken dne slide was moved many times, this image was highly
reproducible, if there was an issue with the slide there would have been many different
results depending on how the slide was movEds illumination defect is caused by a
misalignment of the IR las@nd not causing correct illumination of the back aperture of
the objective lens and is very difficult to corrdebr this reason the images are cropped

at the most evenly illuminated field of view, this is at the top right hand corner. This
region is aproximately 100x100 pixels. Care was taken to exclude any dirt or fluorescent

inhomogeneities.
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This 100x100 image is then averaged into a single average greyscale value for that z
stack. This shows a sigmoidal curve of the intensity profile as the scgplaine leaves
the surface of the test slide. To measure the ESF the profile must be differentiated at

FWHM measured from the curve.

4.3.1 Ascertaining the imaging depth

It is important that the base substances used to creadiftogal myocardiumare not
fluorescent. Howevdrecausef thisit is difficult to ascertain the deptf artificial
myocardiumthat is being imaged. The following method describes how this problem was

circumvented.

A setup was devised where a standard test slide was usebase and then two wedges
of artificial myocardium wherenoulded on top of the slide with the use of two cover
slips. Once the agar had set, the cover slips were removed and a suspension of 5 um
fluorescent beadsas used to coat the teprfaceof theartificial myocardiunso that the

depth ofartificial myocardiumcould be measured

Objective lens

agar wedge agar wedge
with scattering

5um beads agent
/

000000

Fluorescent test slide

Figure 4.6 shows a schematic representation of the set up used for various test

substances.

Figure 46 showsZ-stack intensity values the peaks the left hand side of the graph
represent the fluorescence signal emitted from the test slide, while the peaks on the right
denote the signal from the fluorescent bemats mark the top surface of tasificial

myocardium
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Figure 4.7 showstheanalysed traces the area around a bead was selected in the X and Y
axis and cropped-he peak on the right hand side denotes where the bead was located on
the surface of the agar. The peak on the left hand side is the fluorescemtiecftest

slide.

It would be impractical to sample 1.1mm at the necessary 200nm steps need to take the
edge spread function. There fore these data sets where sampled at 10um. and a Second
data set was then taken immediately bellow the bead at 200nnmcstepslve the edge.

There is a large distance in the depth of the ager that is dependant on where in the wedge
the measurement was taken, it is evident from figure 4.7 that there are larger light levels
from the shallower depth, which is expectédhe cata for every plane in Z was summed

and averaged by the pixel count. In Figurg thereis a steep drop off of fluorescence

the deeper into theerspexhat is imaged. This is due to the absorbent properties of the
PerspexA Matlabprogram was writterhiait detects the peak frothe edge othe test

slide and alignsll the measurements so that the edge is kndtis enables multiple

measurements to be compared.

4.3.2 The refractive index

In this study, the refractive index (RI) was measured using a raftatdo (see Chapter
section 10). Theefractive indexof water was 1.332 , i.e. similar to published values

(Klaretal,2000)and t hat of the standard Krebsdo sol u
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subsequently used to meastinerefractive indexf the materials used to simulate the

optical properties of the myocardium.

One issue is whether these changes in refractive index and large disparity from that of

glass (1.515) can cause degradation of the image quidigye havdbeen many prgous

studies that show image degradation edusy refractive index mismat¢tle Grauwet

al., 1999;Donget al, 2003;Booth & Wilson, 2001;Hedt al, 1993;Jacobseet al,

1994) Most water immersion lenses come with a correction collar to compensate for

these fators. One example where image degradation might occur is whephtwton

microscopy is used for deep tissue imaging. The ceramic immersion lenses are not fitted

with a correction collar. This makes it difficult to correct for aberrations caused by

refractv e i ndex mismatch. The expected refractiywv
solution that is used to perfuse the heart has a measured refractive index of 1.335. The

refractive index of cardiac muscle is 1.383, so the light must undergo changgsatb,its

caused by the cardiac muscl e/ Krebsd solution
One idea is to match the refractive index of
so that the light undergoessingle large) refractive index change.

Sucrose is well documented as an agent that will increase the refractive index, however,

the concentration needed to match that of cardiac muscle is in excess of one molar. The

effeds of addition of 1 molar of any solute to physiological saline wouldramatic as it

would increase the osmotic strength of the solution (normally ~300mOsmoles)

considerably. Pronounced effects of increased osmotic pressure of physiological saline on
isolated heart preparations has been reported previously and prolongsdrexgzm

cause considerable cell damage (Allen & Smith 1987). Therefore, an inert molecule with

a much larger molecular weight is required. The large molecular weight polymer Dextran

is an obvious choice, using a 40,8D&form of Dextran, a much lower coentration is

needed to match the refractive index of tissue (Fig 4.5). The effects of the additional

osmotic pressure of ~10mM Dextran would be predicted to have minimal effects on

cardiac muscle functiofAllen & Smith, 1987)

15¢



Chapterd: Artifici al Myocardium

—m— Sucrose
—@— Dextran
- - - - Refractive index of Cardiac muscle "

1000 - /- ° | -
= 1 " ) / 14 %
[ - |
8 800 - 1o £
g e " - 10 c
g 600 | - ] 8
o 48 s
3] o)
B 400 - de g
S . =
Qo 1 ©
R B
= 200 - : 1 8
[} - 42 c
o . / ) 1° 8§
[e]
© 04 = - -0

T T T T T T T T T T T T T -2
1.33 1.34 1.35 1.36 1.37 1.38 1.39 1.40

Refractive index

Figure 4.8 this graph shows the concentration differences need to change refractiv

index.

The disadvantage of the solution with the refractive index matched is that it has a
considerably higher viscosity (~10 times higher) compared to normal saline and the
increased perfusion pressure required to ensure proper perfusion of théhasartigh
pressures could not be tolerated by the coronary circulation. Although where feasible,

supeffusion of a sample of heart tissue may be possible.
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4.4 Results

The firstaimwas to ascertain how mudight losshappens in cardiac muscle as the depth
of cardiac muscles being imaged increases. Batndrabbitcardiac muscle were
studiedandboth healthy cardiac muscle aimdarcted regions were considered.

(i) 100pm (i)  200pm
'_ :(i Q-M?"

(i) 300pm

Figure 4.93how twephoton imaging of the myocardium stachwith Di4-ANEPPS and
100pm, 200pum and 300um, the lost of resolution is obvious although it is still possible to

take functional ratiometric voltage measurements from the lower resolution images

The results shown are taken frairangerdorff perfused haapreparations where the
whole heart was perfused by retrograde perfusion of the ddrtge hearts where stained
with Di-4-ANNEPS as part of an experimental protgosol that voltage measurements
could be made from the cardiac muscle. The signabppatentresolution decreased the
deeper into the tissue. The following graphs show the signal drop off in relation to the

depth that is being imaged
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Figure 4.10 shows the signal intensity hrealthyrat cardiacsentriclemusclethrough

depth theepicardiumwas being imaged.he background intensity for these readings is

around 40%The data was fitted using the following formujg= Y, + A€ (e Xo) Y

ther esults from these measur ementds dwhreoteesf i tt
the rate of decay, while fAy00 denotes the va
amplitude ofexponentialecay the error bars show the standard error of the

measurements as this graph is composed from multiple da{&sses supplied by ftath

Ghouri) The background stays at 40% as it is the base level of the background light

lights. The fluorescence levels being measured are extremely small even at 100%.
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Figure 4.11 shows the signal intensity infarcted ratcardiacventriclemuscle through
depth theepicardiumwas being imagedThe background intensity for these readings is

around 40%. The data was fitted using the following formyilg Y, + A€ (Xl

theresults from these measurements where fittedto ex ponenti al decay, i
the rate of decay, while Ay0o0 dBAddbes the va
amplitude ofexponentialecaythe error bars show the standard error of the

measurements as this graph is composed from multipleetiatédata supplied by Iffath

Ghouri).
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Figure 4.12 this figure shows the signal intensity in healthy rabbit cardsdricle

muscle through depthhe epicardium was being imagd&dhe data was fitted using the
Y= Yo+ AE O

fitted to an exponential decay, fAtl10 denotes

following formula theresults from these measurements where

value at which the si gmedgdnentiadecayThe errorfbdrs A A1 0 a

show tke standard error of the measurements as this graph is composed from multiple

datasets(Datasupplied by Allen Kelly).
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Figure 4.13 this figure shows the signal intensityiifarcted rabbit cardiac muscle

— - (X- Xp) /'ty
=y, +
through depthThe dita was fitted using the followirfgrmulay Yo+ Ae .

The results from these measurements where

the rate of decay, while Ay00 denotes the

amplitude ofexpmentialdecayThe error bars show the standard error of the

measurements as this graph is composed from 3 datasets hence the error bars are larger.

(Data supplied by Allen Kelly).

Thecauses of the differences in the extent of loss of sigiialalueshpetween rat and
rabbit and innfarcted material is unknown. One potential explanation is that variation is
due to differences in the degredight scattering betweethe different tissueS.he most
likely cause of light scatter in cardiac tissue is nmitwadria, i.e. small sulmicron dense
objects within heart cell§ herelativevolumes of mitochondria of Rat and mouse in the
ventricle are shown in the graph bel@@M Bers, 2002;Bartlet al, 1992) The higher
mitochondrial contentirat relative to rabbit is consistent with grealler Tlvalues
observed. Furthermorfarcted myocardium has few cardiomyocytes and therefore
mitochondria, agaigonsistentvith the concept that mitochondria are respondini¢he

loss of signal.
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% volume of Measured T1 Value of| Measured T1 Value
mitochondria healthy tissu¢nm) of infarcttissue(hm)
Rabbit 28% 150 323
Rat 34% 78 131
Mouse 37%

Table 4.1shows the mitochondria concentration in healthy ventricle muscles of various

species. Along with the measured rate of decay of healthyrandd issue.

Scattering and absorption properties of cardiac muscle
This section investigates the effects of scattering agents on signal intensity and

resolution.lt is thought that the main scattering agent in cardiac muscle is the
mitochondria(Suet al, 2009;Beauvoitt al, 1995) This would mean that the majority
of light scattering in the cardiac muscle can becdbed by Rayleigh scattering as
described in Chapter 1 Sectitr8.1.3.1 In order to mimic the scattering properties of
cardiac muscl@00nm norfluorescent polystyrene microspheres where usegar
These were added into thwedgestructureghat arebuilt onto of the chroma test slide
described in Chapter 4 Section 3.1.
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Figure 4.14 shows the intensity measuremeotshe Chroma test slidakenat different

depths of the scattering agen0.1% scatter mediumm agar The data was fitted using

i = - (% Xo)/
the following formulay = Y, + A * )
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As a check that the loss of signal was the result of the inclusion of the scattering medium,

parallel measurements were done on agar. The results of this are shown in figure 4.13.
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Figure 4.15 shows a trace through the Agar mediwith no scatteringigentsShowing
that there is slight increase in thehangeof light intensityin depths under 1mm

In orderto assess the relative effects of light scattettiegentire immersion medium was

modified to have @onstantoncentration of scattering medium in it.
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concentration of scattering medium.

Figure 4.16 shows the intensity signal the three different wavelengths as the
concentration of scattering medium increasesiiensity dropsThese traces have been
corrected for the dark current base liAs.the scattering medium concentration was

being changed the imaging depth was kept the same, and was kept at a constant 3.6mm
(the working distance of the Zeiss 40x 0.8WNBjective)
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Figure 4.17 shows a normalised version so that the wavelengths are directly comparable.
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Figure 4.18 shows the edge spread function of the surface of the test slide at three
different wavelagths The longer wavelengths have a slightly larger ESF which is
expected. The ESF is not changed by the amount of scattering medium.
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Figure 4.19 shows multiple measurements of the scattering concentration taken using

930 nm ecitation. The ESF is not changed by the amount of scattering medium.
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Figure 4.20 show the lost loss aignal intensity irrat myocardium (figure 4.9) Along
with the 0.1% scattering light loss data (figure9.1
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4.5 Intrinsically fluorescent substances

It is a possibility that themittedlight from dyes maybe exciting the intrindlaorescent
propertiesof FAD and NADHin the mitochondrigChapter 1 section 1.7It is extremely
difficult to estimate the amount of FAD in cardimusclewhile NADH is estimated at
20-25 uM (Coremangt al, 1997;Umemura & Kimura, 2005;Bessébal, 1989)

NADH is excited most efficientlyith a single photomat 350 nm (see figure 1.16i this
study,a variety of commonly used wavelengths were used (740 nm, 900 nm, 930 nm and
1000 nm) and recordings were taken from two channels: Channel 1 records the
wavelengths 440 nm80 nm where any ADH fluorescence should be detectable;

Channel 2 recorded wavelengths greater than 518ymically used for voltage seihise

dyes)

The NADH solution was made up as a mock intercelsddution indistilled watemwith
120 mM 50 pM EGTA 1 mM MgCl, the PH was set to 7.2 with KOH.

Figure 4.19 Figure 4.20
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Figures 421 and4.22 shows the results from the ESF measurements with the NADH
solution at different concentration and wavelengffssshown inFigs 4.19 and 4.20 the
presence of these intrinsically fluorescent mitochondrial metabolites has no effect on the

resolution of the system
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4.6 The effects of refractive index change

This section shows the effects of refractive index changes have-phisi@n resolution
and sensitivity It is known that the refractive index of cardiac muscle is, Xt88was
simulatedby adding 30% sucrose to an agar gel. Later by using an optidiligeil,

Unit 2, Network 4, Cressex Business Park, Lincoln Road, Highdiipe,
Buckinghamshire HP12 3RM)ith a refractive index of 1.38 These where added into the

the wedge shaped structures the where built on the Chroma test stidscidlsed in
Chapter 4 Section 3.1.
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Figure 4.23 shows a scagt plot of the effects of imaging through increasing depth of a
gel which has aefractive indexof 1.38 at three different wavelengti$ie intensity

measurements have been measured from the surface of a Chroma teBhsldbta was

! . ) A-A
fitted using the fbowing formulay=———~— + A where A=1, A,=0, Xo= 0.827,
g g y 1+ (X1 X,)" A, A 0 Xo

p = 0.983as this gave a better fit than an exponential decay

There appears to be no wavelength dependent effects, however there is a loss of signal

intensity that is dependent on tthepth of imaging. This graph has been fitted with the
curve, A1=1 A0=0 X0+638 P=1.865
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Figure 2.24 Shows an orthogonal view of a Chroma test slide sampled at 0.2um, the
uneven appearance is due to uneven laser illumingoly.a small segment of this tda

only a few pixels in the X and Y axis where sampled when analysing the data so that the
uneven laser illumination would not become and issue.
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Figure 4.25 shows the light loss through depth of imaging at the refractive ih@&x

taken using 930 nm with data points grouped into the nearest 250 um in depth.
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Figure 4.26 shows the increase of ESF measurements through depth of imaging at the
refractive index 1.38.

This shows that there is a deptlpdedent loss of resolution as well assigoss in twe

photon imaging related to refractive index miss match.
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Figure 4.27 shows the effects light intensity the Chroma test slidehen therefractive
indexis varied As therefractive index was varied the depth was keep constant at 3.6mm
(the working distance of the Zeiss 40x 0.8NA lens)
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This was done by modifying the immersion solution the lens was in. Afiguine4.25

shows that there is a dependence on signal intdmesiyd on refractive index mismatch.
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Figure 4.28 shows the effects of refractive indewx the FWHM of the ESF
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Figure 4.2 compareghe effects of scattering light loss as well as the light lass fr
refractive index mismatclthere is a larger light loss caused by a change of scattering

medium intensity than with refractive index change. This is an important issues when
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trying to compose a substance that will mimic both light loss and resolussofo

cardiac muscle.

172



Chapterd: Artifici al Myocardium

Discussion

4.6.1 Comparison of Edge and PSF

ESF measurements is expected to be largerRE&&nmeasurements this is because of the
extended nature of théject being image{Chenget al, 1996;Rossmann, 1969)
Theoretically, the @ge spread functions can be related to point spread functions
However the relationship is not a simple linier relationshii.s hard to determinihe

theoretical valuefor microscope opticgB Dorbandet al, 2009)

In this study he edge and point spread fuoncis where measured on the Zeiss 510
confocalsystemausing a 63x NA1.3 lens. TH&WHM of thePSF on th& axis was
found to be 2.8 um while the ESF was 3.7 JpSF measurements from the Zeiss 510
two-photon system where hard to obtain as described int@hsection 2.6.

4.6.2 Analysis of the artificial myocardium results.
Now that the effects of the myocardium have been documented it is now possible to

recreate an artificial myocardiufrom theknown effects of scattering and refractive
indexmissmatch The addition of intrinsic fluorophores suchM&DH may be added

if excitationwavelengths close to ti¢ADH excitation wavelength are to be studied.

—— Rabbit Myocardium Corrected refractive index
100 - — Refactive Light loss at 1.38
I Rabbit myocardium light loss

80 \

60

Light loss (%)

40

20 4

T T T T 1
0 200 400 600 800 1000
Depth of Imaging (um)
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Figure 4.30 shows theelative light loss due to various depths of materiakéractive

index at 1.3&ompared wittthe light lossmeasured by various depthsrabbit

myocardium These lines where drawn based on the fits to the earlier measured data in
this chapter.Theblackline shows the light loss from the rabbit myocardiomee it has

been corrected for by its light loss from the refractive index mismatch af 1.38

0 T T L T T L
man 011 i g}

scattering medium concentration (%)

Figure 4.31 shows measured light loss from a variety of different scattering
concentrations.

. , . : : _ - (- Xo) /'ty
The red line shows a fit though thiatd usinghe Equationy = Y, + A€

from the data shown in Figure £.and from the measuretkcay fromfigure 4.12 (which
is-0.0077) it is now possible to estimate the gradient of light loss induced by scattering

of any concentratiorThe deph was kept constant at 3.6mm.
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Figure 4.3 shows the calculatetkcayfor six different concentrations of scattering

medium withinagar using 100nm beads.
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— Cardiac Mucle light loss (IR corrected)
30% scatter agent

10% scatter agent

—— Refractive Index light loss
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Figure 4.33 shows the merged effect of @fractive index gel at 1.38 and varying

scattering concentratiorf$0-30%) and theardiac muscléhat has been corrected for IR

light loss

This shows that a scattering concentration of 100 nm beads needs to be ar80#@ait0

order to mimic cardiac muakes optical proprieties.

4.6.3 Conclusions

Scattering has a strong effect on the loss of signal intensity but no effect on the measured
resolution of the systenas demonstrated in figure 4.T8he relatively small shift of the
refractive index from 1.33 to 38 produces aignificantdegradation of the measured

FWHM of ESF as well as a small loss of signal through defthivever the ESF
measurement wasdill useable when wanting to acquire an intracellular sighehrdiac
myocytes asof cardiac myocyteare20um by 10um in size the smallest recording point

of a degraded PSF in deep tissue is still small than the size of the cells being imaged.
order to generatenartificial rabbitmyocardium a gelith a refractive index of.38

should be used with a coentration of 100nm beads betweer3D0%0.
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5 Chapter 5: Dual axis imaging of live cell specimens.

5.1 Introduction
As previous chapters have discussed and assessed, optical aberrations lead to a

substantial degradation of the optical signal in the axial dsinarZ-axis) when

compared to the lateral resolution. This chapter attempts to create novel imaging methods
that can overcome the z axis image degradation. It is proposed thaaxsedegradation

is overcome by obtaining orthogonal images of the sath@sing as higlanumerical
apertureobjectivelens as possible. Once this has been achieved it is possible to convolve
these orthogonal images to make high resoluidimensionaimages of the cell. As
described in Chapter 1, living cardiac myocytasérodlike dimensions of

approximately 120x20x10 um.-fibules have an approximatenieter ofL00 nm and

run thoughout the internal structure of the myocyte. Mitochondria are present in large
numbers throughout the cell, with a higher concentrationrarthe nucleus. Thus

accurate representation of a single heart cell in 3 dimensions presents a challenge to
conventional microscopy because the poor resolution id-grdsobscures the real

structure of both mitochondria afidtubulesystem(Gordienkoet al, 2001;Kettlewellet

al., 2009)

There is recent evidence in the literature to support the theory that viewing cardiac
myocytes on their end will yield higher resolution of Teubulestructures and other
intracellular structues However, all of the techniques used to date have not been able to
image live myocyte¢Chenlzu et al, 2006;Schaffeet al, 1994;Mastronarde, 1997)

In these chapter two new methods to imagyocytes are described. The first method is

to conventionally image the cell and then manipulate the cell into an upright position and
re image the cell. The second method involves producing an angledmicoo and
positioning it close to the cell iorder to produce a second imagéogonal imagef the

cell (Wanget al, 2003)

5.1.1 Convolving the images

As discussed previously, further increases in optical resolution can be achieved by

convoluting a series of imagdt is possible to combine orthogonal images by combining
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the phae and amplitudes of each Fourier component of an image after correcting as
much as possible for the known R&fere is no current commercial software that does
this so some programming is required in order to achieve convolved {Bage®t al,
1989;Liuet al, 2010) Methods

5.1.2 Manoeuvring cells into micro structures

The micrastructure is mounted onto a cover slip and then imederrsa physiological

salt solution (based on Krebso6 s adntained on) . Th
noadded C# to ensure the cardiac myocytes did not spontaneously contract during the

imaging. The microstructures were generated from hydiogmaterialsitherefore it

was normafor thewells will contain air bubbles after submerging in solutibm.avoid

this, a pipette was lowered into each well and the air removed by suction. Once the

pi pette has been | oad epdessure dlldweddaequaldb® s ol ut i on
pipette is then lowered back into a solution containing cardiomyodys&sg a Nikon

10X objective to view the cell, pippette and chambesingle cell is drawn up into the

pipette tip, and the pipette is then lowerei ione of the wells of the microstructure. The

cell is then ejected out of the pipette, and into the well where the cell is manoeuvred into

an upright position.
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Pipette

Cell

PDMS
Structure

Cover Slip

Objective
lens

Figure 5.1is a diagram of how a cell is manipulated intdracture.

Figure 5.2shows the syringe driver system used to control the fluidics.
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5.2 Microstructures to hold cells vertically

PDMS microstructures designed to hold cardiac cells vertically were made as described

in Chapter 2.

The SU8 towers whemeatedo be 90 um highusing the methods described in section
2.12 originally circular wells were constructed with a diameter of 100 um. Later in the
project, square posts were fabricated as it was easier tatipdacardio myogtesin a

vertical positionin the corners of the wells. This also gave the cells more support and

eliminated movement artefacts.

W N e e ek

Figure 5.3: Example of a finished PDMS structure that is used in experirtt@sts a
series of well, an SU8 post is visible in the bottom right corner that has become

detached from the glass substrafewed from the top looking directly down.
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5.2.1 Vertical cell imaging using microstructures

It is proposed that living single cardiac cells oalh be orientated vertically to allow
measurements of cell structure (e.g. mitochondria/nucleus) or function (intracelltilar Ca
measurements durirfgeld stimulation) to be mad€hapter2 Section 2.12.#lescribes

the techniques involved in generatingi@mms t r uct ur e compri sing of

of appropriate diameter to hold cardiyocytes vertically

5.3 Results of Cell orientation

An array of micro wells were manufactured as described above and placed on a coverslip.
Cardiomyocytes were placed adgnt to the micro wells and one lying flat on the

coverslip was imaged using conventional {st@anning confocal microscopy. Cells were
stained either with the membrane dye-@ANEPPS) or a mitochondrial dye (TMRE).

Once a 3 stack of images were geagzd in this conventional mode, the same cell was

picked up by the micrpipette and placed in the well so the cell stood upright and the

whole cell was rémaged in this new attitude. Figureta.and b shows images of cells
within the micrewells after stining with Di4-ANEPPS.

Figure 54a shows &8D Z-stackcell and structuréhat has been placed in a prototype

well structure that was only 35 um high, both the cell and structure have been stained
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with Di-4-ANEPPSand isbeing imaged using a Nikon 60X NA1.2 lens on the Biorad
confocal systemthe excitationwavelength wagd70nm and the signal was collected

using a 530nm long pass filter

Figure 54b shows &8D Z-stackconfocal image of a cell orientated vertically witlain

well that is 200um highredrawn as a 3D representation of a finished structure with a live
cardiomyocyte orientated at 90 degredss image was taken using a Nikon 60X NA1.2
lens on the Biorad confocal systérm excitation wavelength wd30nm and té signal

was collected using a 530nm long pass filter.

5.3.1 Imaging T-tubules in vertically arranged cardiac cells

Figure 55: shows an image which is part of esiack of aabbit cell stained with D4-
ANEPPSwhich stains the outer membrane and the tubiileis cell has been placed in

an upright positionThe T-tubule network is clearly visible.

There are some limitations with this setup. For the resolution to be high enough to
deconvolved the image, the scan speed has to be relatively slow. As tsaupeljit the
entire cell is exposed to the column of light when using confocal imatingphoto
bleaching is aignificantproblem. One approach to solve this problem is to use an
extracellular solution with dextrainked fluorescein. This will not oss the membrane

but will diffusethrough the Ttubules. However the smallest molecules on the market are
5 kDa, which diffuse very slowly (20mirg0mins)thereforewhenphotableaching

occursthe recovery time is impractidgiong,(Ghautarali & Brakenhoff, 2000)
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255
191

128

Figure 5.6 These three images are of the same cell and taken 15 minutethajigrin

an upright postioythe progressive changes indicate thattk®a dextran linked
fluorescencaliffusethrough the Ttubule netwdk. In the finial image it is possible to
make out the-tuble network, however this image has far less contrast than figure 5.5

which is stained with D4-ANEPPS.The scale bar represents 5um.

Figure 56 illustrates that the low molecular weight dextcam slowly enter th&-tubule
network however as it take minutes to enter and seconds to bleach the signal it is a less
effective method than staining the cell with-8ANEPPS Furthermore, when the cell is

on its end, serial section of >100microns areessary to image the complete cell length.
As shown in Figure 3.and quantified in Figure 8, imaging high into the cell revealed a
blurring of detail at the higher sectioi$his cannot be due to progressive entry of

dextran linkedluorescencento thecell since it cannotross the cell membran€&he

blurring is due to the progressive loss of resolution deeper into the tissue.

Figure 5.7 shows an upright cell sectioned every 10 um with the image on the left hand
side being closest to thejebtive and moving upwards towards the top of the cell.

Image degradation can be seen the higher up the cell is imaged. The resolution
measurement results from this can be seen in figure 5.20. The scale bar in the first image

represents 30um and is condtéor all the imageslhe scale bar represents 5um.
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Figure 5.8 shows that there is a 7 fold loss in resolution within a 100 pm in the lateral
resolution as attempts to image deeper into the tissue is Astiee specimen was
unstable to take ESF measurements from, the distance it took to reach half the maximum

intensity of the fluorescent signal from that depth was measured.

When imaging the intercalated disc this technique is very useful howreris a point

where thigechnique offers comparable or lower resolutiesultsto that of

conventionally imaged celldue to the image degradation of imaging through cardiac

muscle (as described in chapter 4) therefore if image structures that are deeper than 20um
into a cell hen orientating the cell into an upright position offers little advantage over

imaging the cell in a conventional orientation.

5.4 Images of Mitochondria in vertically arranged cells

Using the same experimental setup as described above drelsh myocytesvere

stained with the mitochondrial dye TMRE imaged conventionally and then placed into
the micro wells for a second round of imaging. Using z steps of 0.1 um, a limited section
of the cell could be imaged and the data set used for deconvolution as sthmwmbe
Figures 57 and 58.
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Figure 59 shows a cross section of a cardiomyosytened with TMRIEthis dye stains
mitochondriaThe cell has been oriented in an upright posisiectioned at 10urmto

the cell the cella total of 86 sections where dgin order to gain the be results from the
Huygens deconvolution software A BiorRadiance 2000vas used with a Nikon 60x
1.2NA lens using single phot@xcitationwith a 488nm laser.

Figure 5.10: Thisimageis the deconvolved imadeom figure 59 deconvolution was
doneusing Huygens softwar&hestaining pattern due tmitochondria in the cell are
much better definethan that shown in Figure 5.9
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5.4.1 Creating devices that can generate a second image of the cell.

541.1 Quartz prism

Micro prismsare commercially available at a size that could be used as the auxiliary
mirror for imaging, the smallest available is 508 on the dimensioof the legs of the
prism(the dimensions oppositeom thehypotenuséTower Optical, 3600 S Congress
Ave, J Boynton Beach, FL 33426In the original design it was proposed that an
inverted microscope could be used, and the orthogonal image could be obtained by
imaging through a 500 um prism. However, due to the large working distances needed,
only low numerical apertur@bjectives could be used. This would have an adlerse
effecton the resolution of the image. This prism method would need a large working
distance because the light that is being projectedgotialy closest the coverslip would
need toavel the 500um through the glass in the prism before being refracted down
towards the objective len&.second problem is that the edges of the prism need to be
infinitely sharp(meaning that the point would need to be perfasthe cell and prism
are $tting on the cover slip surface. In practibés is not possible to achie{€hoiet al,
2010) Figures 511 and 512 show schematic representations of the prism and cardiac

myocyte alignment of optimal imaging.
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Cardiac Cell

Prism /

/

Objective lens

Figure 5.11 shows the schematrepresentation of the prism imaging-gptt illustrates
the issues over working distance whendhmensions of the prism a&® and 50Qum. as
demonstrated in the earlier results there is intiggadatiorwhen trying to image
through a cell. Therefe it is desirable to image the cell running along sidettsenor
mirror tominimize the distancthat is being imaged through tbardio myocyte

Prism

N

Cardiac Cell

/

Objective lens

Figure 5.12is a scaled representation of figur&®.it highlights tke problems of using a

500 um prismand the need for very well defined corners ofghism
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54.1.2 Micro Mirror

The second version of this approach was considered involving an uprighiipgutieg
objective (as high as possible NA). But this would requirareonrather than prism
elementAs demonstrated in figure B3

Objective lens

T

Cardiac Cell Mirrior

N N

Photo resist imbedding

mirror \

Figure 513 Shows a schematic representation of the structure used to create a mirror
image in an upright setuphe proposedhotoresisto use is5S1818 spun to 20pum

thickness.

This was ceated by coating the hypotenuse surfaic& microprismwith an optically

flat reflective surface such as 100 nm platinum and embedding the prism in a photo resist
so that the middle of the hypotenuse surface was being used. This technique has a few
difficulties associated with it: (i) due to the small size of the prisms they are difficult to
clean effectively, as a result the surface of the prism was not perfectlyiXtdte surface

would be easily damaged even using 10 nm of titanium to act aslemb@yent for the
platinun (iii) positioning the prism next to a cell is challenging; (iv) using an upright
microscope with water dipping lenses is a significant limitation because the upright

objectives available in this project did not have high; A manoeuvring cells beside
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the mirror using upright objectives is difficult due to the limited space between the

objective and the specimen.

An inverted microscope sep would be more desirable. As demonstrated in figuir4, 5.
if the specimen was able sit on the cover slip, all of the specimen would be able to be
imaged and it is easier to manipulate so that the specimen is not touching the mirror.

Emission Light
Excitation Light

Angle of optical sectioning

Objective lens

20°

Mirror at

45 degrees 35 degrees

mirror at  \|so" (

Cardiac cell

Figure 5.14 shows the optical sectioning angles of mirrors placelifferent angles.

The next step is to create a structure that can be used with an inverted microscope, a
PDMS cast of the prisms and coated in a reflective metal. This cast was placed on top of
a cell and used on an inverted microscope. However theseigre problems with this

design since PDMS floats. This is normally overcome by the ability of PDMS to stick to
glass. The cast needed to be made from a perfect prism with extremely well defined
edges. However, the major problem with using PDMS s thwtlialso absorb the water

from the solution bathing the structure hence disrupting the shafedafgree edge to

change shape, which eventually fractures the platinum surface.
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5.4.2 Silicon etching to generate a mirrored cell imaging technique

A variety of meéhods were employed in order to generate a suitable angled micro mirror
that was capable of acquiring an orthogonal image of a cardiac cell. The next design is a
cell bath that is approximately 2x1 cm built from a silicon wafer sloped at 55 degrees. As
expained in Chapter 2, this is the preferential anglsilafon with a surface orientation

of 100, silicon orientation is described in section 2Tls is not perfect as the optical

sectioning is angled at 20 degrees to the vertical plane as shéigure5.7.

The ideal mirror angle would be less than 45 degrees in order for it to be used on an
inverted microscope system. In order to achieve an etch at this angle, 110 silicon wafers
were used and the patterns were aligned to the 111 plane in ordex eamgtch at 35
degreegStrandmaret al,, 1995)

It is ideal that the imaging is sectioned 90 degrees from the original image in order to
gain the highest resolution results possiblewever there are practical reasons to have a
mirror at an angle other than 45 degrees, the main reason is that a 45 degree mirror will
always depend on having a perfect edge. In practice this will be difficult to acmdue

not damage. Silicon etchgrwill also generatenperfect edges while leaving the middle
surface with only minor defects i.e. in the single nanometre range thus providing a

optically flat surfacéPoateet al, 1994)

Light at closest possible point

< N

P

Cell

Figure 5.15 Demonstrates the problem with using a mirrca &6degree angle.

The main problem with a mirror at 55 degrees is that the cell cannot touch the mirror

otherwise it will be impossible to tell which axis the cell is being imaged from. A
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disadvantage of this technique is that only the top half of the debencaptured making

a super resolution image of only part of the cell. This problem only applies to upright
microscopeskigures 516, 5.17 and 5.8 show scanning electron microscope images of
the initial silicon etching results showing the angles efdtch and the smoothness of the

etching.

Silicon Nitride

Silicon

Figure 5.16is a scanning electron microscope image showmgxample of silicon
etching away underneath a silicon nitride layer

08-Nov-10 WD22.3mm 12.0kV %450 100um
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Figure 5.17 is a scanning electron microscope imagewingthe 54.74 angle that the
silicon has been etched #e upper surface is the original polished surface of the 100
orientation silicon that has been protected by the silicon nitride and the lower rough

surface is the silicon that has been etched away.

43?*

SE 08-Nov-10 WD25.7mm 12.0k¥ x1.2k

4’
.

Figure 5.18 is a scanning electron microscope imafewingthe surface of theilicon

etching,there are clearly defects on the surface of the mirror that are in the micron range.

5.4.3 Improving the smoothness of the etched surface,

Although the surface shown above is not as usable as a mirror bi¢ ¢garproved bywo
methods The first is a method whesglicon oxide is grown on the silicon wafer. This
oxide can vary in thickness from-B@00 nm, in this @se the oxide was grown thermally
in a furnace at 126C. Once thesilicon oxide is grown to the desired thickness, a
hydrofluoric acid etch will remove thalicon oxide and not react with the silicon,
(Buhleret al, 1997; Cui & Takoudis, 2001; Deal & Grove, 1965)
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. ™ ‘ 3
[ |
10.0kV 12.7mm x1.50k SE(U) 4/4/11 14:56 30.0um

Figure 5.19 This figure shows that the angle of gikcon mirror has not changed with
thesilicon oxide growth or the hydrofluoric acid etch.

M
1
10.0kV 12.7mm x1.50k SE(U) 4/4/11 15:06 30.0um

Figure 5.20 shows the surface of the mirrorefthe oxide layer had been removed.

As shown in Figure 5.20hére is an obvious improvement in surface smoothness

although the surface is not perfect.
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10.0kV 11.9mm x100k SE(U) 3/29/11 15:10 500nm

Figure 521 This is a high magnification image of the smosititon surface. Some

debris is obvios along with some minor defects on the surface o$itfean .

Slower etch rates with a weaker KOH solutwas able to produce smoother etch.

A second method to smooth the surface ofstheonis to deposit metal layers on the

silicon that can bep to 100nm thickin this project 10nm dfitaniumwas deposited to

work as a bonding agent and then 50nm of platinum was deposited to act as the mirror
surface One of thassue with this approach is that inorded&positthe metal so that it

is as smoth as possible the surface needs to be atde§fee angle from the metal
vaporization source, which requires angling the rest of the silicon wafer at a 55 degree
angle. This was done in the modified evaporator that had a silicon wafer holder that could
be set to a 55 degree angle. Silver was chosen as the metal for the mirror as it would
reflect the wavelengths evenlgee Figure 5.21gnd would not adversely affect living

cells in solution.
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5.5 Metal choice
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Figure 5.21 This graph shows the reflectigmoperties of various metalgigure from

LayerTec, optical coatings and opdics

Aluminium would not be a suitable material as it would grow an oxide layer on the
surface and thal®* ions would kill the cells. Silver and gold are both suitable metals.
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5.6 Imaging cardiac mitochondria throughout a complete cell.

Cover slip

Cover slip

Figure 5.22a: This figure shows a twphoton image of a vertical myoeystained with
TMRE. The image is constructed from 600 256X256 imagesgiapart. The resolution
is not sufficient for deconvolutioftigure 5.2b and5.22c: These figures are XZ and YZ
orthogonal slices. It is obvious that the large Z PSF has degitael@dageThe scale
bars represent 30m

Cover slip

Cover slip

Figure 5.23a: This figure shows a conveonal two-photon image where the myocyte is

imaged horizontally, it is stained with TMREigure 5.23b and5.23c: These figures are
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XZ and YZ orthogonal slices. It is obvious that the large Z PSF has degraded the image

thescale bars represent ufh.

5.7 Mirrored cell imaging

Due to the limited use of reorienting the cell, a much better method is to image a cell and
then image the mirror image of the same cell so that there are two z stacks of the same

cell that can then be convolved to create a high resolutiage,

There are two challenges to creating this experimental setup, the first is to build a mirror
or prism to gain a second image, the second problem is to convolve the image once the

two images have been acquired.

5.7.1 Preliminary results

The mirror slown in Figure 5.11 was used by placing it on top of a cover slip. This
formed a 60 um gap in between the cover slip and the silicon on the edge of which the
mirror was placed. A rod and ball suspension of cardiomyocytes was then placed next to
the channeso that fluid would fill the channel via capillary motion. It appeared that the
balls entered the channel while the rods did not. There was no way of manipulating the
specimens in the channel. Below is an image of a ball along with the composite mirror

image.

A B

10 Microns
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Figure5.24A shows the conventional twghoton image of a dead cardiac c€&he

mirror is not visible but is place just to the right of the detjure B shows the mirror

image of the same cell, the edge of the original image is stilein.\ihey are not visible

on the same plane because the light path of the two photon beam in the mirror image is

increased due to the distance the cell is from the mirror.

Figure 5.5 is an XZ image ofigures.23A the imagés sectioned at 90 degrees
Figure 5.5 is an equivalent imageigures.23B, the image is sectioned at 70 degrees.

Figure 5.26shows the aurface3D rendering of the conventionally ig@ddead cardiac
cell
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Figure 5.27 shows the a surface 3D renawgyiof the mirror imagedead cardiac cell
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5.8 Discussion

5.8.1 Loss of resolution and signal
Thetechniqueof physically orientating the cellgas found to have limited depth

penetration. This is highlighted by Figur&3/Nhere the resolvable edge becomes less
well defined at a rapid rate. The extent of the aberration is dependant on the NA of the
lens used. The higher the NA the more serve the aberrations béowmygeng Ftubules

was impractical as there was a small signal from timetime vertical orientatiodue to

only a small proportion of the-uble is in the scanning point of the confocal system
compared to a-fuble being images in a horizontal position. A side effect of only
imaging a small amount of the die is thaused rapid bleaching of the dyhigh meant

that fine enough sampectiongo enable deconvolutiowasnot possibleAttempts to
usefluoresceinas areplenishablelie was not possible due to the slow diffusion rates as
shown in figure 5.6. Therefore a different attempt was made irhvehioirror was
fabricated.The attempts to fabricate the intended micro mirror whells could be
manipulated into position whetmsuccessfuhus no images of live cells could be
acquired however the preliminary results from the early structure amising. There is

a noticeable improvement in the z axis resolution in the mirror irslagen in figures
5.2427. Fabrication of the suitable mirror should be possible although the angle of etch

may need to be different.

5.9 Conclusion

The use of vertical celmaging is a very good method for imaging the intercalated disc
and structures a few um into the cell, however light scattering worsens the further into
the cell that the light travels, until the optical quality degraded to sgpdint that it is
betterto image the cell in a conventional orientati®he future of this project has
various options available to it:
(1) Electrical stimulation of vertically positioned cardiomyocytes into the walls of
the microfabricated chamber. The main advantage of thisaifote imaging

of intracellular regulation of Gaon a new (radial axis).
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(2) The mirror technique could be improved with a higher quality mirror as well
as a design that makes the mirror surface more accessible to pipettes in order

to manipulate and positidhe cells.
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6 Chapter 6: General discussion

6.1 System resolution

One of the primargimsof this study was to investigate the abilities of optically

sectioning fluorescent microscopes. This thesis presents data showing that the measured
PSF and ESF measunents can be much larger than theoreticalgectedThe poor
reproducibilityand resolution in the Z axis can be partially attributed to poor

performance of the-Axis translation mechanisratage accuracy cannot be depended on

to produce accurate resuind canause and elongation to theaxis projection by

which consistently underestimatiéx® Z step size. The results also show that there can be
an even greater inconsistency within the first few movements otstege motor;

therefore it isanadvisable to start any-&tack acquisitions with the first®sections well

above or below the specimen in order to get as constant as possible results. Furthermore,
havingz-sections offi n o t la. mogtissueabove the plane of the specimen can be
extrerely useful as it means it is possible to measure the background signal associated
with the system at the acquisition settings being useddatazein the thesialso showed
thatsignalnoise caraffect the ability to measure resolution of an optical sysiece

curve fitting thesenoisysignalscan generate spurious values and wadtimate

resolution

6.2 The optical effects of the specimen

The second aspect part of these studies was to examine the effects that the optical
properties of the specimen hadtbe resolution of imaging systems. This study found

that the resolution of the imaging system is reduced when imaging through significant
amounts of biological material because of the difference in refractive index of biological
tissue, particularly thedart fromthat ofwater. Thismissmatch of refractivéendex can
generate spherical aberratidhat couldredu the resolution of the objectivand edu@

the intensity of the signal which will indirectly reduce resolution by increasing the noise
on an @tical signal of equivalent fluorescence. Tissue such heart muscle also scatters
light thereby reducing excitation light intensity and reducing resolution via increasing the

noise on an equivalent optical signal. There are various methods of altering the
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speci mends opt i c apecimercleampng, inordeete optingse thenoptiwed
properties of the specimen; however these methods afeasiftleif live physiological

recordings are being taken from the specimen.

6.3 PSF Vs ESF

Point spread funains are the standard method of describing the minimum resolution of

an imaging system. PSFs can be used to describe the minimum resolution in the X, Y and
Z axis, and they can also be used to detect aberrations within the lens. However, when
PSF values arquoted, they seldom take into account the distance or position from the
optical axis. Knowing the lateral axis resolution can be useful, however if the Z axis
resolution is much larger than expected, one can expect the optical section to be thicker

whenimaging real specimens which will interfere with the lateral measurements.

The major disadvantage of measuring the PSF suithresolutiorbeads is the fact that

the user is forced to make the assumption that theesdbution beads have not adhered

to each other. Polystyrene beads are very prone to adhering to themselves. This coupled
with the difficulty in locating beads and low signal to noise makes acquisition and

analysis difficult.

As used in these studies, a substitute to the PSF is measucéienESF, which is

feasible to measure despite a considerable amount of intervening optically dense material.
However, when taking an ESF, only theaXis resolution is revealed at any point in the

field of view. This technique also reveals the unifoynoit the illumination/excitation

across thdield; thisis vitality important as many experiments depend on comparing
intensity results across the lateral axis. Uniformity of illumination/excitation is affected

by the alignment of the laser in the micrgsemptics, this is done on site and can vary

from system to system.
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6.4 System improvement with the use of microfabrication

Data from the cell orientation method has shown some limited success. It is not possible
or desirable to merge the orthogonal imadjés to changes the cell may have undergone
while being manipulated by the pipette. The limited working distance into the cell also

limits the usefulness of the technique.

Imaging an orthogonal view of the specimen with the use of a micro fabricated mirro
shows promising potential. Orthogonal images can be convolved, as the specimen has not
been disturbed and the images have been acquired within minutes. Production of a mirror
should be possibleith further work Once a technique has been found and mkks

with the correct angle have been created, then recreating the mirror structure should be a

relatively straightforward process.
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