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Abstract

The research motivation for this thesis was the design, construction, and operation of
a Light-sheet Fluorescent Microscope (LSFM) that is capable of imaging freely moving
whole organisms, performing Optically Detected Magnetic Resonance (ODMR) mea-
surements, and using Adaptive Optics (AO) elements.

The separation of illumination and detection paths in a LSFM allows it to be a
highly adaptable microscope. A variety of LSFM designs have been presented in the
literature, each designed to fulfill the specific imaging and sample requirements. This
work presents an upright dual illumination single detection LSFM design. Two light-
sheets are generated via cylindrical lenses, manipulated through a single Spatial Light
Modulator (SLM), and are capable of illuminating a large volume, capturing freely
moving Caenorhabditis elegans, or C. elegans at a cellular resolution.

C. elegans was chosen as an imaging sample due to its small size, optical trans-
parency, and well known biology. Therefore, this work emphasised on the characteri-
sation of the LSFM microscope rather than answering a biological question.

Fluorescent Nanodiamonds (FND) with a Nitrogen-Vacancy (NV) defect imaging
is presented in this work. FNDs are biocompatible and offer an exceptional stability
against photo-generated damage. FNDs imaging paves the way for the investigation
of cell and whole organism tracking and identification leading to the examination of
further biological processes. Additionally, the NV spin levels can be optically detected,
when microwaves are applied, as spin transitions are observed as dips in fluorescence,
leading to ODMR measurements. NV properties in combination with ODMR lead to
temperature, magnetic field, and electric sensing.

This work demonstrates ODMR measurements using the detection path of the
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Chapter 0. Abstract

LSFM with wide-field illumination and LS illumination. ODMR measurements are
recorded when a Radio Frequency (RF) signal is applied to a NV centre and control its
spin state. The effect of the RF signal power was examined showing a direct correlation
of the RF signal power and the ODMR spectrum measurement performance. The effect
of a magnetic field was also examined, showing magnetometry capabilities of the LSFM

ODMR configuration.
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C. elegans life cycle at 22°C. Fertilisation begins at time equals zero and
eggs are laid 150 mins after fertilisation. The arrows indicate the time C.
elegans spends at each developmental stage. The length of the animal is
shown above each worm at every stage. The figure was extracted from
WormAtlas. . . . . . . .
C. elegans anatomy A) Anatomical features of a hermaphroditeC. ele-
gans viewed laterally. Nerves (Dorsal Nerve Cord (DNC) and Ventral
Nerve Cord (VNC)) and muscles run along the entire body of the C.
elegans B) anatomical features of a male C. elegans viewed laterally
when muscles and nerves are removed. The pharynx and intestine are
shown. C) Cross-section through the anterior region of the C. elegans
hermaphrodite. The location of sectioning is shown in a black line and
an arrow at A). Epidermis surrounds the muscles enclosing the intestine.
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Optical microscopy imaging process. The upwards blue arrow represents
the object. ol represents the the object point at the focal position of
the objective lens while 02 refers to the off-axis point of the same object.
Light emitted by ol is represented with the red continuous lines and the
light emitted by o2 is shown as the red dashed lines. The beams emitted
from each point of the object are parallel at the optical space between
the objective and the tube lens. bl and b2 is the projection of ol and
02 respectively at the back focal plane of the tube lens. fu; and fil is
the focal length of the objective lens and the tube lens respectively. The
figure was extracted from the work of K. Ulrich. . . . .. .. ... ...
Resolution resolution criteria for two point sources. a) point sources just
resolved according to Rayleigh criterion, b) not resolved point sources,
where the two point sources cannot be discriminated c¢) resolved point
sources, separated with a distance greater that the Rayleigh criterion.
The figure was extracted from the work of T. Latychevskaia. . . . . ..
Representation of light intensity distribution of an illuminated single
point near the optical axis. The lateral Airy pattern represents the light
distribution at the image plane and the axial Airy pattern represent the
distribution of light to a plane perpendicular to the image plane, with
its maximum at the centre of the image plane. The figure was extracted
from the work of K. Ulrich. . . . . . . ... ... ... ... .......
Jablonski diagram of a green fluorescent molecule. The upward arrows
represent the high energy photons. Returning to the ground state can oc-
cur through any of the following ways: the fluorescent molecule will emit
fluorescence (downwards arrow), or it can release energy as heat without
photon emission (wavy downwards arrow), or it can return to ground
state through an excited triplet state by emitting phosphorescence. The
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Normalised nitrogen-vacancy centre spectrum for a green wavelength
excitation as recorded by S.R Nair et.al. Maximum emission occurs at
a wavelength of 700 nm. The zero photon line is visible at 637nm. The
excitation band is approximately 150nm. The data were extracted using
WebPlotDigitizer. . . . . . . . . ..o
Normalised mCherry fluorophore excitation and emission wavelengths.
The absorption spectrum is shown in blue and the emission spectrum in
orange. Maximum absorption occurs at 585nm and maximum emission
at 609nm. The overlap between the absorption and emission does not
affect imaging due to the introduction of optical filters in the detection
path. The figure was extracted using data from FP Base related to the
work of N. C. Shaneretal. . . ... ... ... ... ... ........
Refractive aberrations of a lens. Light is travelling from left to right
in each of the diagrams. a) chromatic aberration describes the effect
of rays of different wavelength (colour) focusing at a different point.
b) Spherical aberration occurs when rays at the optical axis focus at a
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Spatial Light Modulator Liquid Crystal Orientation. The SLM’s cover-
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extraordinary index of refraction and no the ordinary index of refraction.
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of refraction. b) Maximum voltage is applied on the liquid crystals and
the molecules are perpendicular to the coverglass. At this stage there
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The figure was extracted from the data-sheet of Meadowlark Optics.
Deformable mirror feedback control loop (closed-loop configuration). Feed-
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front Sensor. The figure was extracted from the work of G. Raju and N.
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Shack-Hartmann Wavefront sensor principle of operation. A microlens
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Spinning disk confocal microscope. a) Representation of a Nipkow disk
embedded in a scanning microscope. Excitation and detection happens
simultaneously at different regions of the Nipkow disk, b) pinhole struc-
ture image when the Nipkow disk is not rotating ¢) optical schematic of
a spinning disk confocal microscope. The excitation beam is shown in
gray and the detection path is shown in black. The figure was extracted
from the work of K. Ulrich. . . . . . .. .. ... ... ... .......
Light-sheet Fluorescent Microscope principle of operation. The fluores-
cent sample is positioned at the focal position of both the illumination
and detection objectives. The excitation (shown with the blue arrow)
and detection (shown with green arrow) are separated and perpendicular
to each other. The light-sheet is shown in blue The area of the sample
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extracted from the work of O. E. Olarte. . . . . . .. ... ... .....
Optical schematic of the two main light-sheet generation microscopes -
a static light sheet and a scanned light sheet. The orange beam rep-
resents the top view and the blue beam represents the side view. The
green beam represents fluorescence. a) a light sheet is generated when
a beam with diameter by passes through a cylindrical lens. A beam ex-
pander (Lp; and Ly lenses) adapts the diameter of the beam to by, and
focuses it at the back focal plane of the illumination objective O;;. The
detection objective Oge; collects the excited fluorescence. The excited
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Nlustration of two main types of light-sheets. a) static light sheet (SPIM)
created when a laser beam passes through a cylindrical lens, b) virtual
light sheet (DSLM) created by rapidly scanning a laser beam. The figure
was extracted from the work of M. Weber and J. Huisken. . . . . . . ..
Relationship between light-sheet thickness (resolution) and field of view
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equal to 2Z,.. The figure was extracted from the work of O. E. Olarte et
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Lateral and axial intensity distribution of a light sheet created by a
Gaussian beam passing through a cylindrical lens. The large green arrow
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(FWHM) of the Gaussian beam. The figure was extracted from the work
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Light-sheet Fluorescent Microscopy volumetric image formation. Left)
moving the sample through a stationary light-sheet, focused by the il-
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Light-sheet Fluorescent Microscopy objectives configuration. (a) single
illumination single detection SPIM design with a vertical sample (b) Dual
illumination single detection Multidirectional selective plane illumination
microscopy (mSPIM) design with a vertical sample, (¢)Dual illumination
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the vacancy in red. b) The coordinate axis of the Nitrogen-Vacancy
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2.24 a) Optically detected magnetic resonance measurement of single Nitrogen-
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nance count rate to the on resonance count rate. b) Zeeman splitting due
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Optical schematic of the adaptive light-sheet fluorescent microscopy mi-
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Chapter 1

Introduction

1.1 Motivation

By allowing us to look inside tissues and see the processes at work in individual cells,
microscopy has long proved to be a powerful tool for biological research. Applying the
advances in microscopy to whole animal imaging at cellular and sub-cellular resolu-
tion assists the ongoing research in understanding myriad biological processes and it
will advance biological research [2,3]. Although whole Drosophila and C. elegans em-
bryos have been imaged, it is very challenging to image freely moving whole organisms
at such an imaging speed that motion artifacts do not appear. Increases in imaging
speed, as well as total volume imaged, enables the investigation of organisms while
they explore their environment, and the imaging of their interaction in a cellular and
sub-cellular level [4] enables further investigation of neural activity [5]. Therefore, in
this thesis I present my work on the design, construction and operation of a cellular
resolution, optically sectioning, imaging system with a millimetric field of view, capable
of imaging whole organisms. Although commercial millimetric Light-Sheet Fluorescent
Microscopes (LSFM) (such as the ZEISS Lightsheet 7 [6]) exist, a custom made LSFM
allowed me to design and build a microscope taking into consideration the sample that
is going to be imaged and the specific requirements of optical-based sensing with nitro-
gen vacancy centres in diamond. A custom made microscope would also allow future

adaptation such as introducing multiple illumination wavelengths, and relevantly easy,
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replacing the detection sensor and tube lens. Therefore, a custom made microscope
could follow technological advances (better sensors, objectives etc.). My “open” LSFM
design allowed me to embed an Optically Detected Magnetic Resonance (ODMR) setup
and perform LSFM ODMR measurements, which is reported for the first time in my
work.

Combining the large volume imaging with imaging nanoscopic particles of diamond,
Fluorescent Nanodiamonds (FND), paves the way to investigate further biological pro-
cesses, such us long term tracking of specific features in individual cells and even whole
freely moving organisms. This can be achieved because fluorescent nanodiamonds are
exceptionally stable against both chemical and photo-generated damage and can remain
in place in organisms without causing physiological damage [7], while being photostable
with a bright colour centre. Nitrogen-Vacancy (NV) is the most studied type of fluores-
cent diamond centres because of their photophysical properties. The NV spin sublevels
can be optically detected, with the simultaneous application of appropriate microwaves,
with a technique known as ODMR, where spin transitions can be observed as dips in
the fluorescence. Taking advantage of NV nanodiamond properties in combination with
ODMR measurements, sensing of magnetic field, electric field and temperature can be
conducted. Using the magnetic sensing and spin properties of the nitrogen-vacancy the
location of the NV nanodiamond can be measured. Therefore, FNDs can be used to
obtain more information when tracking cells and/or whole organisms. Consequently,
embedding FND in cells and/or whole organisms can be used for in vivo sensing and
thus pave the way for multiple biological applications [7—10]. Therefore, an ODMR
measurement system is included in the microscope design.

I designed a microscope to image an organism that is biologically simple, widely
researched and well known. Since this project is centered on the design and implemen-
tation of the microscope hardware, and since the Covid pandemic also had a significant
impact, the image processing will be focused on the characterisation of the microscope,
rather than a specific biological question. At the outset of the project there were already
some protocols for labelling samples with nanodiamond [11] and more have emerged

recently [12]. There is significant promise for in vivo nanodiamond imaging and ide-
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ally in vivo sensing can be investigated. Hence I designed, constructed and operated
a system that can achieve FND imaging, ODMR measurement and whole organism
imaging; therefore, it should be capable of performing in vivo sensing and cell/whole

organism tracking.

1.2 Introduction to Imaging Samples

Caenorhabditis elegans, or C. elegans, is chosen as an imaging sample. C. elegans is a
transparent small roundworm that survives by consuming microbes, primarily bacteria.
It has been widely used in biological research due to its small size, ease of propagation,
stereotypical development and short life cycle. [13]. C. elegans has a cylindrical body,
1 mm long, with a diameter of 80 um, and its cell diameter varies from 3 pum to 30
pm. Its life cycle is 14 to 21 days [13,14] and its speed of locomotion has been found to
be within the range of 0.25-0.5 mm/s (it reduces as the animal is aging) [15]. The life
cycle of C. elegans is shown in Figure 1.1, where the name of each stage along with its
physical length and the time spent at that stage are shown. The anatomy of C. elegans
is shown in Figure 1.2 where it is shown that despite its simplicity, hermaphrodites
(Figure 1.2A) and males (Figure 1.2B) can be distinguished by the presence or absence
of embryos. Figure 1.2A illustrates the Dorsal Nerve Cord (DNC) and the Ventral Nerve
Cord (VNC) that runs along the entire worm, starting from the nerve ring. In Figure
1.2B, the nervous system and muscles are not illustrated, so that we have a clearer view
on the pharynx and intestine. Examining the cross section of the C. elegans we can see
that the cells at the outer layer form the epidermis, which surrounds the four muscle
quadrants. The intestine and gonad are housed within the pseudocoelomic cavity.
Ideally, the imaged cells within the whole organism of investigation are identified [17].
An imaging technique that is based on optically sectioning imaging with a wide
field of view is LSFM. A LSFM that can image C. elegans and FNDs paves the way
in imaging freely moving whole organisms within their environment. Additionally,
LSFM ODMR measurements enables in vivo sensing of temperature, magnetic and
electric field. Although a system that records ODMR, measurements through light-
sheet illumination has been reported [18,19], a LSFM ODMR has not been reported

4
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Figure 1.1: C. elegans life cycle at 22°C. Fertilisation begins at time equals zero and
eggs are laid 150 mins after fertilisation. The arrows indicate the time C. elegans spends
at each developmental stage. The length of the animal is shown above each worm at
every stage.The figure was extracted from WormAtlas [16].

yvet. Imaging FNDs also enables the identification and tracking of a single cell or
organism [20-22]. One of the initial goals for this project, that got changed due to the
impact of the pandemic, was to implement pattern recognition algorithms to images
of organisms or cells that have been micro-injected with FND, thereby enabling long
term tracking and identification of single cells within an organism or ensemble of cells.

When imaging in biological systems, the sample itself will introduce optical aber-
rations to the image that reduce the effectiveness of the microscope. A method to
overcome such aberrations is Adaptive Optics (AO). Successful AO correction in a
LSFM ODMR setup can improve fluorescence detection and thus provide more accu-
rate ODMR measurements. This results in more accurate and precise temperature,
magnetic field and electric field sensing as well as improving the LSFM imaging qual-

ity [23]. Therefore, adaptive optics elements were used in my design.



Chapter 1. Introduction

A

cuticle
[

epidermis
\ /(hypodermis)

entral

Figure 1.2: C. elegans anatomy A) Anatomical features of a hermaphroditeC. elegans
viewed laterally. Nerves (Dorsal Nerve Cord (DNC) and Ventral Nerve Cord (VNC))
and muscles run along the entire body of the C. elegans B) anatomical features of a
male C. elegans viewed laterally when muscles and nerves are removed. The pharynx
and intentine are shown. C) Cross-section through the anterior region of the C. elegans
hermaphrodite. The location of sectioning is shown in a black line and an arrow at
A). Epidermis surrounds the muscles enclosing the intestine. The figure was extracted
from WormBook [17].

1.3 Thesis Structure

In this thesis I demonstrate ways to design, construct, characterise and operate a light-
sheet fluorescent microscope that incorporates adaptive optics technologies to image
through living tissue. I developed a LSFM that extract volumetric datasets of FNDs
and freely moving whole organisms and I have developed an ODMR, measurement setup
that conducts wide-field and LSFM measurements.

My work is divided into three categories: the theoretical background, the exper-
imental setup and results, and the conclusions. The fundamental principles required

for the conduction of the project are presented in Chapters 2. Chapter 2 describes
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concepts of fluorescent microscopy, volumetric imaging and adaptive optics techniques.
Additionally in Chapter 2 the up to date light-sheet fluorescent microscopes in the
literature are investigated from an imaging volume and speed viewpoint and presents
an introduction into Nitrogen-vacancy.

The experimental setup and results are examined in Chapters 3, 4, and 5. In
Chapter 3, I present the design and development of a dual illumination single detection
light sheet fluorescent microscope in which the excitation and detection beam paths
both incorporate adaptive elements. The characterisation of my system and imaging of
nanodiamonds and whole freely moving organisms is presented in Chapter 4. Chapter
5 describes the optically detected magnetic resonance measurement setup and presents
wide-field and light sheet ODMR spectra recorded using my system.

The last part is conclusions: In Chapter 6, the achievements of the thesis are
summarised. In the future work section, work that could be done in the future that
could improve the imaging quality, as well provide additional useful information for

further biological research is presented.



Chapter 2

Theory and Background

Information

In this chapter the fundamental concepts of fluorescence microscopy are presented.
Initially, the geometrical optics required for the understanding of light microscope con-
struction are described. Volumetric imaging techniques, including their capabilities
and limitations, are then presented, with an emphasis in LSFM. Additionally, LSFM
imaging techniques are reviewed. LSFM imaging techniques are investigated regarding
their imaging volume and their imaging speed. Adaptive optics techniques applied on
a LSFM microscope to improve imaging quality were also considered.

The theoretical background explained in this chapter is necessary for the design and
construction of a LSFM capable of imaging whole living organisms in cellular resolution,
with a millimetre-scale FOV. The required information for the implementation of an
ODMR spectrum measurement setup on the LSFM microscope is also explained in this

Chapter.

2.1 Optical Microscopy

A light microscope consists of two sets of components that constitute the illumination
and the imaging paths. The simplest form of a light microscope imaging sub-system

can be created by two lenses; the objective lens and the tube lens. The objective lens
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produces an image of the object at infinity (for an infinity corrected lens), while the
tube lens focuses the image into the primary image plane. The specimen is located at
the front focal plane of the objective lens. This configuration is shown in Figure 2.1.
The objective lens transforms the light emitted from the object’s on axis point ol into a
set of light beams travelling parallel to the optical axis. The tube lens focuses the light
on the detector (typically a Charged-Coupled Device (CCD) or Complementary Metal
Oxide Semiconductor (CMOS) device in modern microscopes) or imaging plane for the
eyepiece. On the other hand, light emitted from the point 02 creates two additional
beams, the central ray rc and the parallel ray rp. The 02 point is projected on the
primary image plane, in the back focal plane of the tube lens, at the point b2, which
is the intersection of the rc¢’ and rp’ beams. The space between the objective lens and
the tube lens is called infinity space and it is where all beams emitted from each point
of the object are parallel to each other.

As observed, the size of the elements impact the achievable the Field of View (FOV).
Modelling of the imaging path can can enable an estimate of the size of the beam along
the whole imaging path and thus enable proper selection of elements and elements’
positioning to avoid vignetting [25]

Raytracing [25,26], a Python library, was used to model optical systems in my work
(the simulations are shown in Section 4.2.2). Raytracing module, an optical system
modelling module, is based on the ray matrix formalism (ABCD matrices). Through
the ABCD matrices the effect of finite-sized lenses and apertures can be estimated. [25].

In the ray matrix formalism, each ray along the optical path is described as
r= (2.1)
0
where y refers to the height of the ray with respect to the optical axis and 6 refers to

the angle the ray makes with the optical axis. Each optical element is described as

A B
M= (2.2)
C D
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Figure 2.1: Optical microscopy imaging process. The upwards blue arrow represents
the object. O1 represents the the object point at the focal position of the objective
lens while 02 refers to the off-axis point of the same object. Light emitted by ol is
represented with the red continuous lines and the light emitted by 02 is shown as the
red dashed lines. The beams emitted from each point of the object are parallel at the
optical space between the objective and the tube lens. bl and b2 is the projection of
ol and o2 respectively at the back focal plane of the tube lens. f,; and f;l is the focal
length of the objective lens and the tube lens respectively. The figure was extracted
from the work of K. Ulrich [24].

A ray r will be transformed into 1’ after passing through an optical element (or a series

of optical elements). When ray r passes through a series of optical elements,

7‘/ = Mi7 ...M3M2M17" = Mr (23)

Therefore,
y = Ay + Bf (2.4)
¢ =Cy+ Do (2.5)

Each optical element is represented by a 2x2 matrix. For my model only propagation

through free space and transmission through thin lens were used; Therefore, free space
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1 d
propagation at a distance d is represented as , while the transmission through a

0 1

1 0
thin lens with a focal length f is represented as . Additionally, the raytracing
-1/f 1

module allows the placement of apertures which block rays outside their diameter. By
having appropriate size apertures coincide with our mirrors, we are also able to check
for mirror clipping.

The magnification M of a light microscope is defined as
M =B/O (2.6)

where, O is the distance between ol and 02 and B is the distance between between the

equivalent imaged points bl and b2. From Figure 2.1 it can be seen that

tana = O/ fos; = B/ fu (2.7)

where, fop; is the focal length of the objective lens and fy is the focal length of the

tube lens. Therefore the magnification of a two lens system can be defined as

M = fu fob- (2.8)

The main objective lens characteristics, that have a crucial role in the design of an
optical microscope, are the angular aperture, the field number and the focal length of
the objective. Angular aperture is the total angular opening of the objective, which
is the maximum angle at which the objective lens can collect light emitted from the
object. The half of the angular aperture, «, is used to define the Numerical Aperture

(NA) of the objective, which is expressed as
NA =nsina (2.9)

where, n is the refractive index of the medium between the lens and the object. On the

other hand, the field number of the objective refers to the diameter, in millimeters, of

11
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the aperture called field stop. The field stop is used to cut the peripheral regions with
low field performance. The field number and the magnification are used to define the

FOV of the objective at the sample as
FOV = s/My; (2.10)

where s is the field number of the objective and My, its magnification [24]. Obtaining
all the above information regarding an objective is crucial for the selection of the
most suitable detection objective for a microscope since it will establish the FOV and

resolution of the microscope.

2.2 Resolution

Two objects can be resolved when they can be discriminated from each other [24].
According to the Rayleigh criterion, two point sources are regarded as just resolved
when the zero-order diffraction maximum of one diffraction pattern coincides with the
first minimum of the other. For a distance between the zero-order diffraction maxima
of two diffraction patterns less than the Rayleigh distance, we consider the two point
sources as not resolved. Two source points are considered completely resolved when
the distance between the zero-order diffraction maximum of the one diffraction pattern
coincides with the first-order diffraction maximum of the other, as shown in Figure
2.2 [27] .

The image of a source point corresponds to the intensity distribution I, which is
described by the Airy function that can be expressed as

Jl ( 27r7’)s\inoc)

]2
27rsin

I(r) = Iy (2.11)

where Jp is a Bessel function of the first order and « is the half opening angle of the
objective. By applying the Rayleigh criterion to two point sources with such intensity

distribution and knowing that the zero crossing of the Bessel function Ji () is at x=3.83,

12
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(a) Rayleigh (b) Unresolved (c) Resolved
criterion

Figure 2.2: Resolution resolution criteria for two point sources. a) point sources just
resolved according to Rayleigh criterion, b) not resolved point sources, where the two
point sources cannot be discriminated c) resolved point sources, separated with a dis-
tance greater that the Rayleigh criterion. The figure was extracted from the work of
T. Latychevskaia [27].

the Rayleigh range and thus the lateral resolution can be expressed as

0.61n\

Tlateral = W (212)

The Rayleigh criterion can be proved by solving the Bessel function for x=3.83 as

27r7"sina_385:> B 3.85)\ _0.61)\
A - T_Qﬂ'SiIlOé_ NA

(2.13)

The axial intensity distribution of a point source is described by the sinc function.
Applying the Rayleigh criterion to two source points with such intensity distribution

the axial resolution is expressed as [24]

2nA

Tazxial = W (214)

The depth of view refers to the vertical distance that the object stage with a point
source must be moved so that the image shifts from the central intensity maximum to

its first minimum. Therefore the Depth of Field (DOF) can be defined as
DOF = 2rgpial (2.15)

A representation of lateral and axial light distribution is shown in Figure 2.3 [24, 28]
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Figure 2.3: Representation of light intensity distribution of an illuminated single point
near the optical axis. The lateral Airy pattern represents the light distribution at the
image plane and the axial Airy pattern represent the distribution of light to a plane
perpendicular to the image plane, with its maximum at the centre of the image plane.
The figure was extracted from the work of K. Ulrich [24]

Two source points can be optically separated laterally or axially at Rayleigh dis-
tances without being discriminated at the imaging side. To properly transfer the infor-
mation required, to achieve the two source point discrimination, to an imaging sensor,
information theory should be applied. Information theory states that the sampling
rate should be high enough to satisfy the Nyquist criterion [24]. In practice, this means
that the sampling interval should be at least twice as fine as the desired resolution. For
example, to image with 10 pum resolution, the microscope should be able to detect 5
pm. Nyquist theorem is also applied for the selection of the pixel size of the detector
or the determination of the microscope’s magnification. Multiplying the lateral resolu-
tion calculated by two will result in the sampling interval required to obtain the given
lateral resolution. The physical pixel size of the detector should be equal to the sam-

pling interval multiplied by the magnification M. This way all the required structural
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information will be passed to the imaging sensor.

2.3 Fluorescence

Fluorescence is the emission of photons by molecules or nano-crystals whose electrons
are stimulated to a higher excitation state by radiant energy from an outside source.
Typically, they absorb photons of a given energy and emit photons at a lower energy and
longer wavelength [24,29]. This difference in the wavelength is called Stokes shift [30].

Because of the energy loss during that process, the emitted fluorescent photon’s
wavelength is longer than the excitation photon that was absorbed by the molecule.
This process is graphically illustrated by the Jablonski diagram, as shown in Figure 2.4.
As shown, there are two excited states categories, the singlet state - which is described
above, and the triplet excited state. Excited above the ground state electrons may
enter the triplet excited state, through inter-system crossing. Molecules with electrons
within this state are chemically reactive, which leads to photo-bleaching. Absorption
and emission during fluorescence happens almost simultaneously, thus there is no longer
fluorescence after the excitation stops [29].

Within the scope of this work, FND and fluorescence from the fluorescent reporter
molecule mCherry were imaged. FND shows great promise for examination of com-
plex biological processes. Its ability to produce bright and stable fluorescence (due
to various atomic impurities in their structure) [31], low toxicity, chemical stability
and photostability in tandem with the capability to detect changes in magnetic fields,
electric fields, and temperature makes FND ideal for tracking and localizing individual
drugs, proteins, nucleic acids, and small molecules [7].

FNDs absorbs a wavelength of &~ 560 nm and emits fluorescence from 637nm (which
is the wavelength of the zero photon line for NV ) to 800nm with a peak at ~700nm.
(the zero photon line occur because of the electronic transition from the excited state
to the ground state without any interaction with photons) [32,34-36]. The biocompat-
ibility and stability of FND in the body has been investigated by feeding and injecting
120nm FND to C. elegans. FND that were fed to the worm remain lumen for few hours

before they were discarded by the nematode. When FNDs were injected to the worm
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Figure 2.4: Jablonski diagram of a green fluorescent molecule. The upward arrows
represent the high energy photons. Returning to the ground state can occur through
any of the following ways: the fluorescent molecule will emit fluorescence (downwards
arrow), or it can release energy as heat without photon emission (wavy downwards
arrow), or it can return to ground state through an excited triplet state by emitting
phosphorescence. The figure was extracted from the work of B. J. Thompson [29].

gonads, they were stable in the nematode’s cells and allowed long-term observations
of FNDs. Additionally, FNDs were transferred into the larvae and offspring with no
impact on the reproduction or the survival of the worm [37, 38|

mCherry absorption and fluorescence emission spectra is shown in Figure 2.6 where
the Stokes shift can be observed in the wavelength difference between the absorption
and emission peaks. FND NV emission with an excitation of a green wavelength laser

is shown in Figure 2.5 .
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Figure 2.5: Normalised nitrogen-vacancy centre spectrum for a green wavelength exci-
tation as recorded by S.R Nair et.al [32]. Maximum emission occurs at a wavelength
of 700 nm. The zero photon line is visible at 637nm. The excitation band is approxi-
mately 150nm. The data were extracted using WebPlotDigitizer [33]

2.4 Imaging Aberrations and Adaptive Optics

The lenses required for microscopy are not perfect; therefore, they cause imaging aber-
rations. The most important aberrations of concern are the chromatic, spherical, coma,
astigmatism, curvature of field, and distortion aberrations. The effect of each aberra-
tion is shown in Figure 2.7

Optical aberrations can be categorised as on-axis and off-axis aberrations. Chro-
matic and spherical aberrations constitute the on axis aberrations while coma, astig-
matism, field curvature and distortion are off-axis aberrations. Chromatic aberration
occurs because light with different wavelengths is refracted differently by the lens. As
a result the focal point for different wavelengths will not be the same. To correct
chromatic aberrations, imaging systems are designed with multiple elements of differ-

ing refractive index. This is a topic outwith the scope of this project, however we
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Figure 2.6: Normalised mCherry fluorophore excitation and emission wavelengths. The
absorption spectrum is shown in blue and the emission spectrum in orange. Maximum
absorption occurs at 585nm and maximum emission at 609nm. [29,39]. The overlap
between the absorption and emission does not affect imaging due to the introduction
of optical filters in the detection path. The figure was extracted using data from FP
Base related to the work of N. C. Shaner et al [39)].

do employ achromatic doublets where appropriate to help lessen chromatic aberration.
Spherical aberration occurs because the amount a ray is refracted is related to the sine
of the angle of refraction; there is a different focal point for light rays of significantly
different angles of incidence unless careful optical design is performed to correct for
this. The result is the appearance of series of rings around an in-focus point source of
light and the extension of the PSF in the axial direction.

On the other hand, when rays passing through the edge of the lens are focused
closer to the optic axis compared to the rays passing through the centre of the lens, a
focused point source looks like a comet with the tail extending towards the periphery
of the field. This is an off-axis aberration called coma. Another off-axis aberration is
astigmatism. Astigmatism occurs when rays passing through the horizontal and verti-

cal diameter of the lens are focused at two different axial positions. The result is that
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Figure 2.7: Refractive aberrations of a lens. Light is travelling from left to right in
each of the diagrams. a) chromatic aberration describes the effect of rays of different
wavelength (colour) focusing at a different point. b) Spherical aberration occurs when
rays at the optical axis focus at a different location to rays at the periphery of the lens.
c¢) coma occurs when off-axis rays passing through the centre of the lens and rays passing
through the periphery of the lens are not focused at the same location. d) Astigmatism
takes place when rays passing through the vertical diameter and rays passing through
the horizontal diameter are not focus at the same point. e) Image distortion is the
phenomenon when the image plane is curved and not planar The figure was extracted
from the work of B. J. Thompson [29].
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the focused image of a point object is shown as an extended circular patch (elliptical).
Astigmatism is corrected by proper lens mounting and alignment. When the image
plane is not flat, but instead has a concave spherical shape, it is indication of field
curvature. This results in an image that cannot be focused simultaneously on a flat
surface such as an imaging chip. Finally, distortion is the aberration that occurs when
the focus position of the object image shifts laterally in the imaging plane when increas-
ing the displacement of the object from the optical axis. This results in a nonlinear
magnification in the image from the centre to the peripheral field. When the magni-
fication is increasing pincushion distortion is observed, while when the magnification
decreases, barrel distortion is observed. Correction of field curvature and distortion is
achieved by objective lens and tube lens designs (Plossl lens design) [29,40-42].

There are several methods for aberration correction; however, the effect of aber-
rations can never be completely removed. In addition to the aberrations caused by
the optical system, the sample itself causes aberration, which has a negative effect on
imaging resolution and imaging quality. Therefore, Adaptive Optics (AO) have been
introduced into microscopy to improve aberration correction and increase the imaging
quality and resolution [43]. AO is a technique using dynamically re-configurable optical
elements in combination to aberration measurement to correct aberrations [44].

In this work adaptive optics elements were used for the manipulation of the illumi-
nation beam while aberration correction is not applied in the imaging path, although
the foundation work has paved the way for aberration corrections in the future. This
sub-chapter explores key AO technologies, namely the spatial light modulator, the de-

formable mirror and the Shack-Hartmann Wavefront Sensor.

2.4.1 Introduction to Spatial Light Modulators

Spatial Light Modulators (SLM) are based on a liquid crystal array, where the liquid
crystal molecules can be manipulated either by optical or electrical means, changing
their orientation. The behaviour of the SLM makes it widely used in optics for phase
modulation, adaptive optics and beam shaping [45-48]. Additionally, SLMs are used

in super resolution techniques such as STED microscopy and SIM [49]
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Figure 2.8: Spatial Light Modulator Structure. Green lines represent a wavefront.
Blue arrows point towards the direction of the wavefront. The blue arrows pointing
upwards represent the reflected light. The effect of the orientation of the crystal on the
input wavefront is shown. The figure was extracted from the data-sheet of Meadowlark
Optics [50].

SLM is capable of modulating light through a fixed pixel pattern. By applying an
Alternating Current (AC) voltage to each pixel an electric field between the pixel and
the cover glass is produced. The resulted electric field changes the optical properties
of the liquid crystal layers, by changing their refractive index. The fact that each pixel
is independently controlled enables the phase pattern generation by applying different
voltages onto each pixel. An intrinsic section of the SLM is shown in Figure 2.8. As
shown, a polarised light passes through the cover glass and liquid crystal layer. The light
is reflected from the pixel electrodes and returns on the same path. If the reflected light
is not polarized, voltage controlled light modulation would not be achieved since the
light will not be parallel to the extraordinary axis [50]. In summary, the liquid crystal
has the orientation birefringence, and the SLM is constructed so that this birefringence
is observed consistently across the whole device.

SLMs, akin to every wave-plate, have a slow (extraordinary) axis and a fast (ordi-
nary) axis, both being perpendicular to the beam direction and to each other [51]. The

fast axis has a lower refraction index (n,), resulting in a faster travelling light, while
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Figure 2.9: Spatial Light Modulator Liquid Crystal Orientation. The SLM’s coverglass
is shown in blue and the liguid crystals in gray. ne refers to the extraordinary index
of refraction and no the ordinary index of refraction. a) No voltage is applied, liquid
crystal molecules are parallel to the coverglass. Maximum difference between extraor-
dinary and ordinary index of refraction. b) Maximum voltage is applied on the liquid
crystals and the molecules are perpendicular to the coverglass. At this stage there is
no difference between ordinary and extraordinary index of refraction. The figure was
extracted from the data-sheet of Meadowlark Optics [50].

the light passing through the slow axis encounters a higher refraction index (n.) and
thus travels slower. SLMs achieve phase modulation by manipulating the extraordi-
nary refractive index. For the sake of simplicity, the case of no voltage and maximum
voltage have been examined, as shown in figure 2.9. In the case where voltage equals to
zero, the liquid crystal molecules are parallel to the cover glass, hence, maximising of
the extraordinary refractive index and consequently maximising the phase retardation.

In contrast, when the voltage applied to the pixel array is maximised the difference
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between the extraordinary and ordinary refractive indices is approaching zero, leading
the phase delay to its minimum. To achieve phase modulation the light polarisation
should be parallel to the extraordinary axis [50]. Due to structural anomalies of the
SLM, calibration is required to achieve the desired operation, as discussed in Chapter

4.

2.4.2 Deformable Mirror characterisation

A Deformable Mirror (DM) is a device capable of manipulating its reflecting surface
when voltage is applied [52]. Therefore it can manipulate the phase of a light beam by
varying the optical path length across the mirror’s surface. Similar to the calibration
of an SLM, a flat surface can be achieved by calibrating the DM. When a feedback
control loop (closed-loop) is used for wavefont correction, calibration is not required.

In control theory, a feedback loop takes into consideration the output of a system and

Image Error System input System output

Controller - »  System - DM >

Computer

Measured output

Fy

Sensor — SH WFS

Figure 2.10: Deformable mirror feedback control loop (closed-loop configuration). Feed-
back from wavefront sensor is used to correct imaging aberrations .DM refers to De-
formable Mirror and SH-WEFS to Shack-Hartmann Wavefront Sensor. The figure was
extracted from the work of G. Raju and N. Mazumder [53].

modifies its performance to achieve the desired output. Fundamentally, this is achieved
by a controller, a sensor and the controlled system in a configuration as shown in
Figure 2.10. The deformable mirror control system consists of the computer used for
the microscope operation as a controller, a Shack-Hartmann Wavefront Sensor (S-H

WFS) and a deformable mirror.
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2.4.3 Shack-Hartmann Wavefront Sensors

Hartmann testing devise has been initially used for telescope optics control. However, it
has been modified to be used in adaptive optics. The fundamental principle of operation
is based on the projection of an image of the exit pupil onto an array of identical lenses

(lenslet), where each lens produces an image on the detector [54-57].
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Figure 2.11: Shack-Hartmann Wavefront sensor principle of operation. A microlens
array divides the wavefront into beams, which are focused on an imaging sensor. The
imaging sensor reads the location of the beam. a) The reference beam used to estimate
the desired beam location on the imaging sensor. b) distorted beam resulting in different
beam locations on the imaging sensor (compared to the reference - shown as AX). The
figure was extracted from the work of S. Vallmitjana et al [56].

Incoming wavefronts are divided on the basis of their structure. When a plane wave-

front is imaged all focal points follow the lenslet array’s geometry and are projected at
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their nominal position (Figure 2.11a). Therefore, displaced focal points indicate a dis-
torted wavefront (Figure 2.11b). Measuring that displacement leads to the calculation
of the wavefront slopes. A S-H WFS measures the wavefront gradients, paving the way

to the reconstruction of the wavefront [57,58].

2.5 Phototoxicity and Photobleaching

Advancement in microscopy enabled real time imaging and resolution improvements
in imaging whole cells [59], tissues [60,61], and organisms [62], having large impact
on biology research. Improving the resolution, the imaging speed and the signal to
noise ratio, while imaging deeper into the sample, requires high light doses that the
imaged biological specimen is not experiencing in its natural environment. This has
a negative effect on the imaged sample, called photo-toxicity [63]. Phototoxicity can
impair sample physiology, and even kill the sample [64].

Photobleaching, on the other hand refers to the process at which a gradual loss of
fluorescence intensity occurs. This effect occurs because the exciting light photochem-
ically destroys the fluorescent dye. This is an irreversible process [24]. Photobleaching
highly depends on the molecular structure of the fluorophore. Some fluorophores have a
very low number of excitation and emission cycles while others can go millions of cycles
before bleaching [65] and FND has effectively no photobleaching at the light levels used
for most microscopes.

Investigating living specimen has a major impact on advances in understanding of
biology, therefore imaging techniques limiting photodamage and photo-bleaching are in

high demand [24, 63].

2.6 Three Dimensional Imaging Principles

In its simplest form, wide-field fluorescence microscopy uses an appropriate light source
to excite a sample, filters, an objective, a tube lens, and an imaging sensor. Wide-field
fluorescence microscopy is a relatively simple, low cost, microscope that provides good

resolution both laterally in the imaging plane and temporally. However, all the emission
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light generated travels through the sample in the axial direction (Z-axis), resulting
in a poor axial resolution and limited optical sectioning capabilities [66]. Therefore,
to overcome such limitations, optical sectioning microscopes were developed, allowing
diffraction-limited three dimensional imaging from cells to whole living organisms [24].

This projects aims in imaging whole organisms at cellular resolution without in-
vestigating sub-cellular features; therefore, Three-Dimensional (3D) super-resolution
imaging techniques, such as Stimulated Emission Depletion (STED) microscopy and

Structured Illumination Microscopy (SIM) are not reviewed.

2.6.1 Confocal Microscopy

Confocal microscopy is based on the use of two pinholes, one to restrict the excita-
tion beam and the other to restrict the detection beam, both blocking out of focus
light. When a coherent laser beam is used for excitation, the excitation pinhole can
be removed. Confocal microscopy principles are illustrated through the schematic in
Figure 2.12. The main components of a basic confocal microscope are a laser, a beam
expander, a dichroic mirror that splits the excitation light from fluorescence, an objec-
tive lens, a tube lens, a pinhole and an imaging lens. A laser beam is expanded to the
designed beam size through a series of lenses. The expanded beam is then reflected by
the dichroic mirror and by passing through the objective lens, it focuses on the focal
plane. Fluorescent light emitted by the sample is collected by the same objective lens,
passes through the dicroic mirror and a pinhole, positioned at the image plane of the
sample, and it is focused on a detector.

The pinhole at the image plane of the sample blocks the out of focus light and
thus improves resolution and the signal to noise ratio of the received information. On
the other hand, confocal microscopy is still diffraction limited and to form an image
scanning is required. Spatial information is obtained by scanning either the beam or
by moving the sample relative to a stationary beam. Even with high speed scanning

techniques, the imaging time per frame is often slower than wide-field microscopy [24].
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Figure 2.12: Optical schematic of a basic confocal microscope. The function of the
pinhole is shown with the illumination of the focal plane, the pinhole and the detection
plane. The black dashed line represents the excitation beam which is focus on the
sample. Only the light emitted at the focal position reaches the detector (green light),
while the red dashed (emitted from an adjacent to the focal point position) and blue
dashed (emitted from different focal plate) lines, representing light emitted from other
position do not reach the detector. The figure was extracted from the work of K.
Ulrich [24].

2.6.2 Spinning Disk Confocal Microscopy

Spinning disk confocal microscopy improves the imaging speed of confocal microscopy
while maintaining its advantages by scanning multiple pinholes across the sample. This
is achieved by placing a disk with a series of holes (Nipkow disk) arranged as shown in
Figure 2.13 (a), and imaged as shown in Figure 2.13 (b), in front of an image. Only the
light that is in front of a hole pass through the disk. When the pinholes are in conjugate
with the image plane of the objective, every point of the sample can be scanned with
a high speed, compared to confocal microscopy. The optical schematic of the spinning
disk confocal microscope is very similar to the laser scanning confocal microscope’s, as

shown in Figure 2.13 (c). The only difference is that the excitation beam passes through
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the disk and thus it splits into an array of beams, each producing a separate beam for
illumination. Confocal detection and image construction by assembling each fluorescent
signal from the different pinholes is achieved by using the same set of pinholes for
excitation and detection, as shown in Figure 2.13c. To properly reconstruct an image,
the frame rate of the camera is synchronised with the rotation frequency of the Nipkow
disk [24].

Spinning disk confocal microscopy achieves a higher imaging speed while maintain-
ing a good lateral resolution, compared to confocal microscopy; however, cross-talk
among the pinholes occurs. Cross-talk refers to the event when light from out of focus
region, blocked by a specific pinhole, passes through an adjacent pinhole, resulting in
the decreasing of the axial resolution. Scanning through multiple pinholes, the ex-
citation power is more distributed both spatially and temporally, thus reducing the
effect of photobleaching and phototoxicity, making spinning disk confocal microscopy

a powerful tool for investigating various biological questions [24].

2.7 Light-sheet Fluorescent Microscopy (LSFM)

2.7.1 Principles of Operation

Light-sheet fluorescence microscopy takes advantage of the ability to separate the exci-
tation and detection optical paths. The illumination path is the one responsible for a
plane-wise illumination of the sample with a thin light sheet. The wide-field fluorescence
extracted by the sample is then collected at the detection path, which is perpendicular
to the illumination path (illustrated in Figure 2.14). As a result, imaging an optical
section of the sample without out-of-focus light is achieved [4,67]. In order to create a
uniform illumination and to illuminate the sample from different perspectives (form a
3D image of the sample), either the sample is scanned through a stationary light-sheet
or the light sheet is digitally scanned through the sample [68]. Imaging with a single
illumination and single detection LSFM will result in low quality image due to the effect
of shadowing. To improve the performance of the microscope a second detection path

and/or illumination path is applied to achieve a dual side detection and/or illumina-
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Figure 2.13: Spinning disk confocal microscope. a) Representation of a Nipkow disk
embedded in a scanning microscope. Excitation and detection happens simultaneously
at different regions of the Nipkow disk, b) pinhole structure image when the Nipkow
disk is not rotating c) optical schematic of a spinning disk confocal microscope. The
excitation beam is shown in gray and the detection path is shown in black. The figure
was extracted from the work of K. Ulrich [24].

tion [4]. Hluminating the sample from two opposite directions, and fusing the received
data, image degradation in the light-sheet propagation axis is reduced [67].

The fact that the sample is illuminated by a thin light-sheet and the capturing
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Figure 2.14: Light-sheet Fluorescent Microscope principle of operation. The fluores-
cent sample is positioned at the focal position of both the illumination and detection
objectives. The excitation (shown with the blue arrow) and detection (shown with
green arrow) are separated and perpendicular to each other. The light-sheet is shown
in blue The area of the sample shown in green is collected by the detection objective.
The figure was extracted from the work of O. E. Olarte [67].

of fluorescent light is very efficient, not only makes LSFM a high resolution optical
imaging device but also reduces photobleaching and phototoxicity. However, isotropic
imaging, achieved when spatial resolution is the same in all directions [69], with a LSFM
is very challenging due to its geometry. The orthogonal geometry of the detection and
illumination paths limits the selection of the illumination and detection objectives since
bulky objectives cannot be brought close to each other; therefore, the focal positions
of the two objectives will not be at the same location. Despite the limitations due to
the geometry of the objectives, isotropic LSFM have been reported in the literature.
Light-sheet Generation and Image Formation

There are two methods of LS generation. The first one is called Selective Plane
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[Mlumination Microscopy (SPIM) and it is based on the creation of a LS using a cylin-
drical lens, as shown in Figure 2.15 (a). The second one is called Digitally Scanned
Light-Sheet Microscopy (DSLM). The principle of operation in this case is based on
the quick moving, compared to the camera integration time, of a focused beam at the
focal plane of the detection lens, hence forming a virtual LS, illustrated in Figure 2.15
(b).

The basic optical schematic for both the SPIM and DSLM is shown in Figure 2.15.
In SPIM, a static LS is created when a laser beam with diameter d; passes through a
cylindrical lens L. where the Light-Sheet (LS) is formed. The LS then passes through
a beam expander (Lp1, L79) to control its height dj and focuses the light sheet to the
Back Focal Plane (BFP) of the illumination objective Op;. The illumination objective
focuses the light sheet on the focal plane of the detection objective Or4, which collects
the excited fluorescence. Removing the cylindrical lens from a SPIM microscope and
adding a fast scanning mirror results in a DSLM. A fast scanning of a laser beam at the
back focal plane of LT'1 results in the generation of a virtual LS in the focal plane of
the detection objective [24,70]. The difference between the two LS generation methods
is observed in Figure 2.15, where the the illumination beam is coloured in orange for
the top view representation, and in blue for the side view representation. Both the
static and virtual LSs are shown in Figure 2.16.

In both cases the LS’s shape at the focal plane of the detection objective is the
same, as shown in Figure 2.17. The FOV and the LS thickness are dependent on the
beam characteristics and thus on the illumination objective used. The Rayleigh range
defines the FOV, while the thickness of the LS defines the axial resolution, only when
the thickness of the LS is greater that the axial resolution of the detection objective [67].
Since in LSFM, the excitation and collection arms are uncoupled, the lateral resolution
of a LSFM microscope is defined by the detection objective used. If isotropic imaging
is required, the thickness of the light sheet should be equal to the lateral resolution of
the detection objective (lateral and axial directions are shown in Figure 2.18).

The FOV of the LSFM microscope is given by the Rayleigh length Z,., which is the

distance from the waist to the plane where the beam is diameter is equal to /2wy,
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Figure 2.15: Optical schematic of the two main light-sheet generation microscopes - a
static light sheet and a scanned light sheet. The orange beam represents the top view
and the blue beam represents the side view. The green beam represents fluorescence.
a) a light sheet is generated when a beam with diameter by passes through a cylindrical
lens. A beam expander (Lp; and L7y lenses) adapts the diameter of the beam to by,
and focuses it at the back focal plane of the illumination objective O;;. The detection
objective Oy collects the excited fluorescence. The excited fluorescence passes through
a tube lens, which focuses the excited beam on the camera. b) A light-sheet is generated
by rapid scanning of the laser beam along the back focal plane of the Ly lens axis. This
way a "virtual” light-sheet is generated at the focal position of the detection objective.
The figure was extracted from the work of K. Ulrich [24].
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Gaussian laser beam

Static light sheet

Figure 2.16: Ilustration of two main types of light-sheets. a) static light sheet (SPIM)
created when a laser beam passes through a cylindrical lens, b) virtual light sheet

(DSLM) created by rapidly scanning a laser beam. The figure was extracted from the
work of M. Weber and J. Huisken [70].
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Figure 2.17: Relationship between light-sheet thickness (resolution) and field of view
when a light sheet is generated by a Gaussian beam with a diameter D. The thinnest
part of the light sheet is 2w,. The thickest useful part of the light-sheet is 2 x /2wy
and it is located at a distance Z, from the centre of the light sheet which is the axial
Rayleigh length. The FOV is equal to 2Z,.. The figure was extracted from the work of
O. E. Olarte et al [67].

where wy is defined as the half distance of the waist of the LS. Herein, the LSFM FOV

can be expressed as the central lobe of a sinc? function [30], and thus is modelled as:
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1.78 x n x )\ill

FOVy =
NA3,

(2.16)

where, n is the refractive index of the medium between objective lens and the sample,
Aq is the illumination wavelength and N Afll is referred to the illumination’s numerical
aperture [24,67].

The axial resolution of the LSFM is either determined by the detection objective
(the axial resolution of the detection objective - shown in Chapter 2) or by the thickness
of the LS. The larger value between the two properties determines the axial resolution.
For millimetric illumination (low illumination NA, and thus longer, thicker LS) and
cellular resolution (higher detection NA) the LS will set the axial resolution of the
microscope (the mathematical model is described in Chapter 3). Therefore, the axial
resolution of the microscope is equal to 2wg. The LS thickness can be calculated by
applying the Rayleigh criterion, and thus the lateral resolution of the LSFM is expressed
as

1.22 x A\

Dyeorn = ———— 2.1
’ NAy (217)

So far the creation of a stationary light sheet and consequently, 2D imaging is
discussed. To achieve 3D imaging, either the sample is moved through a stationary LS
or the LS scans a stationary sample. The simplest form of LSFM volumetric imaging
is achieved by translating the sample along the detection axis, through a light sheet,
focused on the focal plane of the detection objective. This way all optics in the detection
arm remain stationary. Acquiring z-stacks using this method limits both the imaging
speed as well as the sample that can be imaged. The imaging speed is limited by
the speed a sample can be moved without changing its physiology. To overcome such
limitation, a LS is scanned through a static sample, with the detection objective being
synchronised with the LS in such a way that the LS is kept in focus with the detection
objective. This way, fragile samples as well as freely moving living organisms can be

imaged [24,67].
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Figure 2.18: Lateral and axial intensity distribution of a light sheet created by a Gaus-
sian beam passing through a cylindrical lens The large green arrow indicates the Gaus-
sian beam passing through the cylindrical lens. The lateral resolution is marked with
the green arrow and the axial resolution is shown with the red arrow, also shown as the
Full Width Half Maximum (FWHM) of the Gaussian beam. The figure was extracted
from the work of Y. Kim et al [71].
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Figure 2.19: Light-sheet Fluorescent Microscopy volumetric image formation. Left)
moving the sample through a stationary light-sheet, focused by the illumination objec-
tive OL;, and a stationary detection objective (OLg4, b) Scan the light sheet through
a stationary sample, while the detection objective follows the light-sheet to remain in
focus. The figure was extracted from the work of K. Ulrich [24].
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2.7.2 LSFM FOV Enhancement

In this sub-chapter several LSFM techniques are going to be investigated from a "FOV
size” point of view. Chronologically, the first LSFM technique was the SPIM [72]in
which a cylindrical lens creates the LS. A plane-wise static illumination occurs, which
illuminates only the focal plane of the detection path, hence there is no generation of
out of focus fluorescence. Due to the efficiency of the illumination the photodamage
and photobleaching are reduced, paving the way to long-term fluorescence imaging of
an entire embryo without any effect on its health. A comparison between the effect
of photodamage and photobleaching between confocal microscopy and LSFM is found
at [73]. On the other hand, due to the static illumination on an entire plane, artefacts
appear. This occurs due to the refraction, scattering and absorption of coherent light
within the tissue. This effect is minimal on optically transparent specimens, hence it
is suitable for my project [4]. To overcome the drawbacks of SPIM, multi-directional
SPIM (mSPIM) and dual-beam illumination have been introduced. In the mSPIM
configuration, the LS is pivoted, at the imaging plane, at its focus, leading to the
reduction of the shadowing in the excitation path, occurring due to the absorption in the
specimen. In dual-beam illumination, the scattering effect is limited by illuminating the
sample from the opposite direction [74]. Both single illumination and dual illumination
configurations can be used for freely moving whole organisms. For millimetric FOV
imaging dual-illumination would be beneficial not only because of the reduction of the
scattering but also because at dual illumination the axial resolution is improved by a
V2, assuming the FOV is the same. This is because each of the two beams illuminates
only half of the FOV in the direction of propagation of the light sheet with the required
axial resolution - the waist of each beam is therefore a quarter of the way into the field
of view . Counter propagating beams can then cover the whole FOV as if it were half

the size. This can be proved as follows, from equation 3.1 NA = %. Applying that

in equation 2.7, the resolution for a single beam illumination is equal to r; = 281

0.61X .

1.78)
FOV/2

indicates the resolution improvements at dual beam illumination.

while for dual-beam illumination resolution is ro =

therefore, % = /2, which

The second major category of LSFM is the DSLM. Because the time on target is
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reduced due to the scanning of the laser (the imaging plane is illuminated partially,
reducing the time the beam dwells at each pixel within the (longer) frame integration
time), laser peak power increases as the desired FOV increases, to keep a constant
Signal to Noise Ratio (SNR) [4,67] [75]. The laser power increase can cause fluorophore
saturation and/or photodamage in transparent samples [67,76]. Therefore DLSM is
more suitable for optically dense samples (densely fluorescent specimens [77]). When
imaging highly dense samples scattering is increased and the image quality is reduced.
Improvement methods are reported in the literature [78,79]; however, I will not discuss
it further here since a SPIM configuration is superior for our application because I am
interested in imaging optically an transparent sample.

LSFM’s success to offer in toto cell resolution of embryos is primarily based on
multiview imaging. Multiview imaging is the process whereby a single image is gener-
ated from multiple sub images that have differing illumination conditions. It improves
axial resolution since the data from the highest resolved portion of each sub-image is
used in the final image. Initially, multiview imaging has been achieved by rotation of
the sample though the LS [4]. However, this sets a major bottleneck in the speed of
the system, since high rotational speeds have a major impact on the viability of the
specimen under investigation. Multiview imaging by sample rotation was not applied
in my work, since the observation of C. elegans movement is of high importance, and
hence the specimen cannot be moved [4].

To avoid sample rotation a second illumination path has been added to the SPIM
design. Such a design can either simultaneously or sequentially illuminate the sample.
Simultaneous illumination can be used in transparent specimens, since there is minimal
LS degradation. For simultaneous illumination it’s also important that the structures
of interest are sparse, so that there’s a low probability of the thicker parts of the
light sheets exciting fluorescence out of the thinnest plane of the other light sheets.
Sequential dual-beam illumination is used for scattering samples, where there is LS
degradation [80]. By illuminating the sample with a dual-beam illumination, half of
the FOV needs to be covered by each illumination path and thus the resolution increases

by v/2 (mSPIM) (Figure 2.20 (b). Dual illumination reduces the rotations required for
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each scan to one. Sample rotation is eliminated by introducing a second detection
path in the LSFM setup (Figure 2.20c). Theoretically, this setup improves the optical

coverage of the system since imaging of the sample will occur from two directions [4].

2.7.3 LSFM Design Configurations

By investigating the existing LSFM design, it can be concluded that LSFM is a flexible
microscope that can be adapted and customised to answer a wide range of biological
applications. The major LSFM objectives configurations are shown in Figure 2.20.

A single detection, single illumination SPIM setup is shown in Figure 2.20 (a).
The orthogonal configuration limits the choice of objectives since the size of high NA
objectives does not allow them to be placed close to each other. Additionally, this
configuration results in sample shadowing, an undesired effect of LSFM imaging. To
limit the effect of shadowing, a dual illumination single detection LSFM has been
designed (Figure 2.20 (b)). This paved the way for multi-view imaging and imaging
larger samples. Naturally, the next improvement of a LSFM system was to include a
second detection objective. A dual illumination dual detection LSFM can record two
opposite views of the sample simultaneously, and thus getting a step closer to isotropic
imaging. As the interest in investigating larger sample increases, LSFM has been
adapted in such a way that, large organisms, mouse brains and cleared samples can be
imaged. This is achieved by constructing an upright dual illumination single detection
LSFM, where the illumination objectives are replaced with low NA cylindrical lenses,
as shown in Figure 2.20 (d). Finally, to image cell cultures or samples mounted on a
coverslip, inverted LSFM configurations have been developed (Figure 2.20 (e)) [4,24,
71,81,82]. A summary of the investigated LSFM objectives configurations, emphasising

on their biological application is listed in Table 2.1.

2.7.4 LSFM Imaging Speed Improvement

Imaging speed can be an important characteristic of a microscope. From a biological
point of view it is equally important to image structure as it is to image function and

capture biological processes. The bottleneck for the overall speed of the system is the
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Figure 2.20: Light-sheet Fluorescent Microscopy objectives configuration. (a) single
illumination single detection SPIM design with a vertical sample (b) Dual illumina-
tion single detection Multidirectional selective plane illumination microscopy (mSPIM)
design with a vertical sample, (c)Dual illumination dual detection Simultaneous Multi-
View selective plane illumination microscopy design with vertically mouted sample,
(d)Ultramicroscope design, with a single detection objective in an upright configu-
ration and two cylindrical lenses as illumination objectives. The sample is mounted
horizontally, (e) Dual inverted selective plane illumination microscopy (diSPIM) design
where the two objectives are used for both illumination and detection. Samples on
coverslips are imaged with diSPIM, (f) Reflected light sheet microscopy where a small
mirror close to the specimen is used to create an orthogonal light-sheet. The figure was
extracted from the work of K. Ulrich [24].

mechanical movement of the sample (to reach multiview imaging). Immobilizing the
sample and reaching multiview imaging through sample scanning will translate that
bottleneck to the scanning speed and ultimately to the data acquisition speed of the
camera. An investigation within the literature revealed that there exists two methods
to achieve such imaging speed. Initially, an electrical tunable lens in combination with
a scan mirror can be used to scan a LS through the sample. Both the tubable lens and

the scan mirror are required to align and scan the LS on the imaging plane of the LSFM
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LSFM Configuration FOV

SPIM (Figure 2.20(a)) 100-500pm
DSLM (Figure 2.20(a)) 100-500pm
mSPIM (Figure 2.20(b)) 100-5004m
Multi-View SPIM (Figure 2.20(c)) 250pm - 1lmm
Simultaneous Multi-View LSFM 250pum-1mm

(Figure 2.20(c))

Ultramicroscope (Figure 2.20d) 500pm-2mm
Inverted SPIM (Figure 2.20e) 50-300um

Dual-View Inverted SPIM (Figure 2.20e) 50-300um

Ideal Sample

Small transparent embryos
Small embryos

Small transparent embryos
Long term in toto
Drosophila embryogenesis
Long term in toto Drosophila

and zebrafish embryogenesis
Cleared tissue

Long term in toto

C. elegans embryogenesis.
Long term in toto

C. elegans embryogenesis.

Table 2.1: Summary of light-sheet fluorescent microscopy configurations listing their

field of view and some of their biological applications [4,83]

microscope. SPIM and dual illumination SPIM have been modified to implement that

feature [84,85]. The volumetric imaging process using an ETL in the detection path

and a scanning mirror in the illumination path is shown in Figure 2.21 The scanning

mirror is responsible for scanning the LS, while the ETL ensures the projection of the

illuminated plane on the camera. A second method used to increase the scanning speed

Detection
Objective

[llumination
Objective

Light-sheet v

e—

N

Figure 2.21: Volumetric imaging process using an ETL in the detection path and a
scanning mirror in the illumination path. The figure was extracted from the work of

F.O. Fahrbach et al [86].

is to apply wavefront coding to a light sheet microscope. This technology is achieved by
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placing a suitable phase mask at the exit pupil of the objective lens and it will make the
system capable of producing optical sections from out-of-focus planes. By extending the
depth of field of the detection optics, fewer illuminations are required since a thicker
LS can still give the desired depth information in the detection arm [87,88]. Our
research group has experience with adaptive optics; therefore AO elements were used
to allow scanning of the light sheet [89]. The SLM used sets the imaging speed of the
constructed microscope to 40 frames per second, which is the refresh rate of the SLM

at its maximum resolution.

2.7.5 LSFM Adaptive Optics Microscopes

As every optical setup, the performance of LSFM suffers from aberrations, scattering
and absorption. One of the key technologies we wanted to incorporate, in order to
reduce the effect of aberrations and improve performance, is AO.

DM and SLM are the main components introduced to an optical system to apply
adaptive optics. The nature of a LSFM microscope allows using simultaneously both
an SLM and a DM, one in the illumination path and one in the detection path [90].
An SLM has been introduced in the illumination path, where by taking feedback from
a second camera, the LS could be manipulated to improve the axial resolution [90].
Additionally, a DM has been placed in the detection path, with the main system’s
camera as a sensor, it was capable to control the focal plane of the microscope [91].
An SLM in the illumination path can also do AO corrections. As shown in the work
of D. Wilding, [92], an SLM has been introduced in the illumination path to correct
phase aberrations, which also improves the axial resolution of the LSFM. SLMs in the
detection path can also manipulate the geometry of the LS and simulate the work of two
galvo-scanners. The work of L.A. Royer [93] demonstrates a LS with highly manipulated
geometry achieved by two galvo-scanners in the illumination path. Theoretically this
can also be done with two SLMs, however there is a major effect on the system’s cost and
imaging speed. SLMs are used mainly in the illumination path since their operation
is highly correlated to the wavelength and polarisation of the beam to be corrected

(discussed in Chapter 4), hence it would have caused problems due to emission being
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non-polarised for our applications if placed in the detection path.

An SLM can improve the adaptability of the microscope (use various beams for
the LS generation - Bessel, Airy, Lattice) and also improve the axial resolution by
correcting for aberrations and shaping the LS [94]. Moreover an SLM can modulate
the LS, leading to imaging with different methods, such as structured illumination,
pivoting, auto-focusing and DSLM, with the same microscope which would improve
the multi-functionality of the microscope [95]. Combining an SLM in the illumination
path and a construction of the illumination path with a cage system would allow having
different conjugation between the SLM and the focal plane of the illumination objective,
providing control over the LS thickness [95]. The drawback of the SLM is that it limits
the imaging speed to its refresh rate.

As demonstrated by D. Wilding et all [90] and R. Jorand et. al [96] AO corrections in
the detection path can be achieved by a DM. The combination of a DM in the detection
path and a S-H WFS can correct for wavefront errors and thus improving imaging
quality. As described in Chapter 2, Microscopes are typically designed for specific
imaging conditions, the addition of AO allows a degree of reconfiguration without
needing to rebuild the instrument. As such, it widens the range of samples which can

be imaged with that sample, and is highly beneficial for researchers.

2.8 Nitrogen-Vacancy Centers in Nanodiamond

Pure diamond consists entirely of carbon atoms. Synthetic and natural diamonds can
host various impurities, such as different atoms in the place of atoms in the diamond
lattice or vacancies. The NV defect consists of a nitrogen atom at one of the carbon
sites in the diamond lattice and a vacancy in one of the adjacent sites. The two most
commonly observed charge states of the NV centre are the neutral and single negative
charge; in this thesis NV centre will refer to the negative state of the NV centre since
there is an emission spectrum difference between the neutral and negative states and
the microscope was built to observe the negative state. This is because NV sensing

relies on the spin properties of the negative state [97-100].
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2.8.1 Structure and Optical Proprietaries

A substitutional nitrogen atom and vacancy pair forms the NV centre. A diamond
crystal lattice with a NV defect in its centre is shown in Figure 2.22 (a) and the NV

centre quantisation z-axis is shown in Figure 2.22 (b).

(a)

Figure 2.22: a) Nanodiamonds lattice with an Nitrogen-Vacancy defect centre. Carbon
atoms are represented in grey, the nitrogen atom is in blue and the vacancy in red. b)
The coordinate axis of the Nitrogen-Vacancy centre. The z-axis defines the magnetic
field sensing measurement axis. The figure was extracted from the work of A. J. Tyler
[97].

The electronic structure of the NV defect is shown in Figure 2.23. The ground
state |g >, a spin-triplet, is split into three spin sublevels. The ms = £1 sub-levels
are degenerate at zero magnetic field, and ms=0 state at lower energy. The splitting
between mgs; = + 1 and ms=0 is 2.87GHz. An optically excited NV centre reaches its
excited state |e >, also a spin-triplet state. The optical decay lifetime of the excited
state is about 12 ns in FND [101]. There are also two metastable singlet states shown
as |s >. The metastable singlet states allow the NV centre defect to be optically
spin polarised through the application of light. Illuminating the NV centre with a
wavelength between 450-610nm drives the defect to the excited state. The excited

state relaxes optically, resulting in photoluminescence (637-850nm). Relaxation can
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also occur via the singlet states which does not result in emission in the 637-850nm
band. The relaxation through the singlet states depends on the spin state of the NV
centre. When the spin is in the mg = £ 1 sublevel, the probability of relaxation via
the single state is higher while the spin decays out of the singlet state to the ground
ms=0 substate; therefore, the NV centre can be optically spin-polarised [97-100].

As described above, the photoluminescence of the NV centre is spin-dependent. The
decay via the singlet state is non-radiative, and the probability of decay through the
singlet state depends on the spin projection on the NV centre (high probability for the
ms = £ 1 sublevel and low probability for ms = 0). Low probability of non-radiative de-
cay will appear brighter; therefore, the relaxation through the singlet state enables the
optical readout of the spin state by optical means by detecting the photoluminescence

intensity [97-100,102].
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Figure 2.23: Electronic structure of the Nitrogen-Vacancy centre. |g > represents the
ground state, a spin-triplet state with mg representing the spin projection along z-axis.
D shows the zero-field splitting between the ground state sublevels and mgs = +1 are
degenerate at zero magnetic field (dashed line represents the energy). The solid lines
represent the lifting of the degeneracy with the application of a magnetic field along
the z-axis. |e > is the excited state (also a triplet) and the siglet state is represented by
|s > Green lines represent the excitation with a green laser and the red lines represent
the optical relaxation. The figure was extracted from the work of A. J. Tyler [97].
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2.8.2 Nitrogen-Vacancy Centre in Magnetic Fields

NV centres can be used for magnetic field sensing by detecting the Zeeman splitting
of the NV centre-ground state. This can be achieved by recording the photolumines-
cence intensity while microwave frequencies close to the zero-field transition are swept.
Figure 2.24 a) shows the photoluminescence intensity when no external magnetic field
is applied. When an on-axis (z-axis or NV centre axis) magnetic field is applied, Zee-
man splitting is observed, as shown in Figure 2.24. The greater the magnetic field, the
greater the separation of the two intensity dips in photoluminescence [97,99,100].

Equation 2.18 describes the transition frequencies between the ms=0 state and the
ms = +1 state.

ve =D+ gupB,/h (2.18)

D refers to the axial zero-field splitting parameter (equal to 2.87GHz at room tem-
perature and zero magnetic field [103]), B, is an on-axis magnetic field, and g, up
are fundamental constants. The detection of the transition frequencies the magnetic
field applied can be calculated. Hence, NV centres can be used magnetic field sens-

ing [97-100,104].

2.8.3 Nitrogen-Vacancy sensing

FNDs are excellent candidates for sub-cellular sensing because of their photostability,
biocompatibility and sensitivity to temperature, magnetic field and electric field [7,31,
38]. NV centres have been used to detect electric fields, temperature, and magnetic
fields with nanoscale spatial resolution [103,105].

Among others, an example of the interaction of temperature, magnetic field and
electric field on the ODMR recordings as presented by Masfer H. Alkahtani et al [7]
are shown in Figures 2.25, 2.26 and 2.27 respectively. As shown in Figure 2.25 an
increase of the local temperature of the nanodiamond translates to the movement of
the zero-field splitting of the ground state towards smaller values. This occurs because
of the crystal expansion during the increase of the temperature. A temperature sensi-

tivity of 1.8mK/+v/ Hz in pure bulk diamond and a sensitivity of 200mK/v/ Hz in living
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Figure 2.24: a) Optically detected magnetic resonance measurement of single Nitrogen-
Vacancy centre with no magnetic field applied. When a microwave frequency is applied
and shifts the Nitrogen-Vacancy centre from the ms=0 state to the ms; = +1, the
photoluminescence intensity drops (Rp). C refers to the magnitude for resonance,
which is the ratio of the off resonance count rate to the on resonance count rate. b)
Zeeman splitting due to a magnetic field B, that is applied at the z-axis of the NV
centre. The two observed resonances correspond to each of the ms=0 to ms; = *£1
transitions. Avyy is used to characterise the resonance. The figure was extracted from
the work of A. J. Tyler [97].
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Figure 2.25: Optically detected magnetic resonance recordings of the Nitrogen-Vacancy
centre defect for different local temperature changes. The greater the temperature, the
smaller the value of the ground state splitting. The figure was extracted from the work
of M. H. Alkahtani et al [7].

cells have been reported; therefore ODMR frequency is temperature depended and can
be used for thermometry. The larger spin line-width in nanodiamond compared to
bulk diamond decreases the observed sensitivity in the experiments on living cells [7].
Subcellular temperature measurement is a method of investigating temperature-related
phenomena, such as the variation of cell-death types in photothermal cancer therapy,
cellular thermotaxis and cellular level thermogenesis [106]

Figure 2.26 shows the effect of an external magnetic field on the ODMR measure-
ment of a single NV centre. A single resonance appears when at zero external magnetic
field. When an external magnetic field is applied, two dips are presented. The magnetic
field can be measured from the position of these two dips, since as the external magnetic

field increases the position of the two dips changes. This is valid for magnetic fields
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Figure 2.26: Optically detected magnetic resonance recordings of a single Nitrogen-
Vacancy centre defect as the external magnetic field increases. The top represents
the higher magnetic field amplied while the bottom is the Optically detected magnetic
resonance recording when there is no external magnetic field. wl and w2 refer to the
position of the Optically detected magnetic resonance lines. The figure was extracted
from the work of M. H. Alkahtani et al [7].

axial to the z-axis of the NV centre, parallel to the z-axis of the optical microscope. In
the case of non-axial magnetic fields the ODMR dips can move in the same directions.
Magnetic field sensing can be used for monitoring neuron firing [7].

The electric field sensitivity has been investigated by applying controlled voltage
to a gold microstructure that has been fabricated by lithography and placed directly
on a bulk nanodiamond sample containing NV centre defects. As shown in Figure
2.27, the electric field introduces shifts in the spin sub-level. It has been found that a
resonance line shift of 28.4kHz occurs for an electric field of 3000 V/cm while an electric
field sensitivity is 202 V/emv/Hz [7]. Electric field sensing can be used for monitoring

membrane potentials.
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Figure 2.27: Optically detected magnetic resonance recordings of the Nitrogen-Vacancy
centre defect when voltage is applied to create an electric field. The voltage is applied
on the electrodes of a microstructure on the diamond sample that creates an electric
field. The figure was extracted from the work of M. H. Alkahtani et al [7].

2.8.4 Wide-field magnetometry and thermometry

Magnetometry and thermometry using NV defects can be achieved because ODMR
of electron spin in diamond NV defects is sensitive to both external magnetic fields
and temperature. ODMR measurements can be recorded either with a photon counter
control detection or a camera based wide-field detection. Confocal-based ODMR mea-
surement emphasises on extracting information from a single FND, while wide-field
can get data simultaneously from multiple FNDs within a large FOV [106]. Therefore,
wide-field ODMR reduces the ODMR measurement time compared to confocal scan-
ning [103]. The time-limitation of confocal-point scanning arises from the fact that
confocal relies on a moving spot to excite fluorescence. Even with a short pixel dwell
time it is time consuming to acquire an image. In wide-field illumination, there is no
scanning beam; therefore the acquisition time is a function of a the exposure time of
the camera.

Wide-field magnetometry setup consists of a wide-field imaging subsystem, a mi-

crowave delivery subsystem and an external magnetic field control subsystem. Simple
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imaging systems of a detection objective, a tube lens, and an imaging sensor can be
used to extract ODMR [103]. The ODMR microwave system consists of signal genera-
tors, RF switches, attenuators and RF amplifiers [12,103]. Magnetic field control can
be achieved by current-controlled electromagnets [105]. The orientation of the mag-
netic field in respect to the NV z-axis has an effect on the ODMR signal. The position
and angle dependence of the NV centre z-axis on the applied magnetic field and the
frequency of resonance pairs can be used to reconstruct the magnetic field vector [103].
A wide-field ODMR in an imaging area of 300um X 250um is reported in [103,105]
Wide-field thermometry setup is similar to the magnetrometry setup, but instead
of a magnetic field control subsystem a heater controller is used [106]. Y. Nishimura et
al. [106] compared confocal-based temperature measurement to wide-field thermometry
in living cells. Their work present a method of wide-field temperature measurement that
achieves the same performance as the confocal thermometry. This paves the way for
further investigation of wide-field ODMR and LSFM, a 3D wide-field imaging technique,
ODMR, in applications such as real-time thermometry of living cells, regions of a living
cell, and a whole living organism [106]. LSFM ODMR could provide temperature and

magnetic field measurements in the entire volume of a sample.

2.9 Summary and Discussion

The fundamental principles of fluorescence microscopy are described in this Chapter.
Concepts such as image formation, magnification and imaging resolution, required for
the design of a microscope are described. The necessity of 3D imaging techniques is
presented along with volumetric imaging techniques that can achieve cellular resolution.
The purpose of this research is to image freely moving living organisms in a millimetric
FOV, with a cellular resolution at a relevantly high imaging speed. Confocal microscopy
results in a high resolution imaging, but lacks in imaging speed. Spinning disk confocal
microscopy images at a high rate [107] but it is limited on the FOV that can be imaged
(less than 1mm FOV) [108]. LSFM is chosen because it fulfills the imaging criteria.
The geometry of the LSFM also allows the application of AO for light modulation and

aberration corrections. Imaging improvements at the depth of view of interest (100 pm)
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have been reported in the literature; therefore, an AO LSFM was investigated [109-113].

Additionally, in this Chapter the major LSFM configurations have been investigated
to identify which one, or combinations, is the most suitable for millimetric imaging of
optically transparent living organisms at cellular resolution. It is found that each of
the described techniques has advantages and limitations. The LSFM configuration of
my microscope was decided by the samples of interest for this project (C. elegans and
FNDs). An upright LSFM configuration was selected because it enables imaging of
freely moving C. elegans. Imaging was achieved through a single detection arm and
dual-beam illumination, illuminating the sample sequentially. This way we overcome
the effect of shadowing and simultaneously improve the imaging resolution, compared
to a single-beam illumination LSFM.

Adaptive elements were implemented in both imaging paths. An SLM was em-
bedded in the illumination path and a DM in the detection path. Initially the SLM
implemented LS scanning, but further software development and hardware calibration
would allow it to perform AO corrections and imaging with different beams (Bessel,
Lattice, Airy). A DM in the detection arm could improve imaging quality by applying
AOQ corrections and with wavefront coding. We identified a suitable DM and calibrated
it for use in the microscope, however the impacts of Covid mean that AO correction
with a DM in this microscope is still a task for the future. Both AO elements offer
adaptability regarding the application of the microscope. An ODMR setup was also
implemented to the microscope for wide-field and LSFM ODMR measurements. Al-
though the imaging techniques and microscope configurations used existed, my research
combined ultra large FOV (2mm) and DOF (0.9mm) with AO elements in both the
detection and illumination paths, capable of conducting LSFM ODMR measurements,
which has never been reported.

In continuous Wave (CW) ODMR, the NV centre defect can be prepared in the
ms=0 by continuous optical illumination. By applying a resonant microwave field, the
defect is driven in the mgs = +1 substate. When excited at this state the probability
of non-radiative relaxation is higher. When applying a range of microwave frequencies,

the resonance is detected by the decrease of photoluminescence intensity. The opti-
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cal detection of the spin state enables the detection of Zeeman shifts in the spectral
position of the mg = +1 states resulting in the ODMR spectrum. [97,98,100]. Exter-
nal parameters that affect the CW-ODMR spectrum quality are the microwave power
(microwave heating [114], ohmic heating [115], power broadening), the laser power (ex-
citation rate), and the microwave sweeping method and pace. Laser power should be
high enough to ensure spin polarisation. A very high laser power would have a negative
impact on the ODMR, contrast since the optical excitation would be relevantly high
compared to the microwave excitation, and thus the difference between the |mgs =0 >
and |mgs = £1 > will be less. Microwave power increasing would initially improve the
contrast of the ODMR spectrum and at a point it will reach a saturation of the spin
transition [116].

Pulsed ODMR typically offers better sensitivity, compared to CW ODMR, at the
expense of complexity [117] since precise calibration and strict synchronisation of hard-
ware is required [118]. Several sequences can result in pulsed ODMR; however, the most
common to all sequences is a first laser pulse that sets the system in the |ms = 0 >
state, followed by a period of microwave pulses for spin manipulation, and a second laser
pulse that extracts information from the |ms = 0 > and |ms = £1 > states through
the optical emission intensity. Optimisation of the ODMR spectrum from pulse-ODMR
depends on the pulsed protocols used [116].

LSFM pulsed ODMR was initially considered. An AOM was included in the initial
LSFM design to allow laser pulsing and thus enable pulsed ODMR, spectrum record-
ings; however, due to hardware limitations (described in Section 5.1) the LSFM pulsed
ODMR experiments were not conducted. Pulsed ODMR sequences were not further

investigated since the work presented in chapter 4 emphasises on CW ODMR.
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Light Sheet Fluorescent
Microscope Design for Imaging

Whole Living Organisms

Recent research presented living C. elegans LSFM imaging [119,120]. In both cases
the C. elegans was anaesthetised, and fixed for imaging. A detection objective of NA
1.0 was used in both cases, providing a submicron lateral resolution, and a few microns
axial resolution. This axial resolution is related to the detection objective. If the
LS’s thickness is greater than the axial resolution of the detection objective, the LS
thickness determines the axial resolution of the LSFM. Such detection objective limits
the imaging FOV, therefore sample translation is required to obtain a full image of a
350 pm larvae [120]. Both works presented a single illumination beam, single detection
arm LSFM, where sample rotation is essential for multiview imaging.

Both works of J. Van Krugten et al. [119] and Jayson J. Smith et al. [120] presented
an exceptional imaging of anaesthetised C. elegans; however after few hours the phys-
iology changes due to starvation. My work investigates imaging C. elegans for the L1
larvae stage (about 250 pum long) to adults (1 mm long) freely moving in their feeding
environment. This enables the investigation of further biological processes in living
organisms.

This chapter presents the design of a custom made LSFM that can image freely
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moving whole organisms at a cellular resolution. The design includes the mathematical
modelling of the LSFM, the selection of optical elements and hardware, the control

software and the custom made 3D printed sample holders.

3.1 Mathematical Modelling

As explained in Chapter 2 a dual illumination, single detection LSFM in an ultrami-
croscope configuration is the most suitable for our application; therefore, my design is
based on an ultramicroscope configuration. This microscope is designed to image freely
moving C. elegans, a 1 mm ground-worm. Therefore, a FOV of 2 mm is required to
capture the movement of the sample of interest. Dual illumination means that each
illumination arm will have a FOV of 2mmx1mm in propagation, and thus the total
FOV of the microscope is 2 mm. My design is based on the information provided in

Chapter 2.

3.1.1 Illumination Parameters

Applying an illumination beam wavelength (532 nm), and the desired FOV (1 mm
for each illumination side) in Equation 3.1, the numerical aperture of the illumination
objective has been calculated to be NA;; = 0.03.

The light sheet thickness can be then calculated either at the edge of the FOV or at
centre of the FOV. For my mathematical modelling, the beam diameter and thus the LS
thickness is calculated at the edge of the FOV using equation 3.2. With an illumination
NA of 0.03, the LS thickness at the edge of the FOV is 21.6 pm. The illumination NA
of our system is low enough that a Cylindrical Lens (CL) can be used to focus the LS

on the sample instead of an objective lens. The CL focal length can by calculated by:

D (3.1)

fCL - 2 X NAZ'”

where, D), is the diameter of the beam at the entrance pupil of the system. Due to
system requirements that are going to be discussed later in this Chapter the diameter

of the beam at the entrance of the cylindrical lens is 6 mm. Therefore, a 100 mm
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cylindrical lens is required to achieve a 0.03 illumination NA.

3.1.2 Detection Parameters

The detection arm of the system is mathematically modelled to achieve isotropic imag-
ing, where the axial resolution is equal to the lateral resolution. Hence, by setting the
axial resolution of the detection arm equal to the LS’s width at the edge of the FOV
(equation 4.2) we can calculate the NA of the detection path. The axial resolution of

the detection arm is defined as:

n X )\det

NA?let

Rdetaxial =1.78 x (32)

where, Age: is the detection wavelength, while the N A4 is the numerical aperture of

the detection objective. Therefore, the detection objective NA can be calculated by:

1.78
NAg, = \/ € x T;" % N Ay, (3.3)

where € = A /Ai- The NA of the detection objective is calculated to be 0.24. The
lateral resolution can then be calculated by equation 2.7. The lateral resolution of the
detection objective of 0.24 NA is 1.8 yum. However, we decided to sacrifice isotropic
imaging to achieve a better lateral resolution. We were imaging with a detection ob-
jective of 0.4 NA and a focal length of 16.45 mm. This results in an axial resolution of
7.79 pm, when imaging through air, and a lateral resolution of 1.06 pm.
To digitise images, minimum sample of a Nyquist rate is required (described in Section
2.2); therefore, considering the Nyquist criterion, modeled pixel size can be represented
as [121]:

Ry = 2 X pixelsize; (3.4)

where, pixelsize; is the size of the imaged pixel. Thus, the imaged pixel size is 0.53

pm. The formula used to estimate the minimum required magnification of the detection
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path is given by:

camera pixel size
M =

: " (3.5)
mage pzxel size

Since we decided to use a PrimeBSI camera with a 6.5um pixels, a magnification of 12.6
was required to image with such resolution. However, the result of the multiplication
of the magnification to the FOV of the image (FOV7) should be able to be projected to
the size of the detection sensor (FOVy). Therefore, the FOV generated by the detection

system should satisfy the following formula.
FOV;=FOV; x M (3.6)

So, a magnification of 12.6, as calculated above, will result in a FOV of 1.085 mm. Since
I am interested in a 2 mm FOV and I am willing to sacrifice sampling and resolution
as long as the resolution remains in the 3 pm-30 pym window, the magnification of our
system is set to 6.65. Finally the focal length of the tube lens was calculated using
Equation 2.3. A tube lens with a focal length of 110mm was required to achieve such

a magnification.

3.2 Optical Design

The optical schematic of the adaptive LSFM designed in Inkscape software is shown in
Figure 3.1. A laser (CNI 532 nm 300 mW single longitudinal mode laser) was used for
fluorescence excitation, while an acousto-optic modulator (M1205-T80L-2, 488 nm-633
nm) was included to modulate the laser beam. The beam was expanded by a 1:5 achro-
matic lens system L1 (f=25 mm, Thorlabs) and L2 (=125 mm, Thorlabs), polarised
(GTH10M-A, Thorlabs) and split (CCM1-BS013/M 50:50, Thorlabs) to create dual
illumination. Both illumination beams were transmitted to the SLM (1920x1152 XY
Phase Series, Meadowlark Optics) by passing through a half-wave plate (AHWP10M-
600, Thorlabs). The SLM was conjugate to the back focal plane of the CL (LJ1567L1-1-
f=100mm, Thorlabs) through a 1:1 4f system L3 (f=200 mm, Thorlabs) and L4 (=200
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mm, Thorlabs), so the tilt the SLM induces becomes a shift at the front focal plane,
hence two LSs were illuminating the sample. Two corner cube reflecting prism mir-
rors (MRAK25-P01, Thorlabs) were used, one to bring the two beams close enough
to each other, so that they can both be refracted at the same SLM, and the second
one, to push them apart to achieve the desired two side illumination (both illumination
arms are identical) with a single SLM. The detection objective (C Epiplan-Apochromat
10x/0.4, Zeiss) was in an upright configuration, perpendicular to the LSs, and its back
focal plane was conjugated with the position of the DM though a 1:1.2 4f system L5
(f=250 mm, Thorlabs) and L6 (f=200 mm, Thorlabs). The imaging is achieved by
an sCMOS camera (PRIME BSI) with a TL L7 (f=100 mm) and an optical long-pass
filter (FELH0550/FELH0600/FELH0650) in the path. The three long-pass filters were
mounted on a rotation filter wheel, enabling switching among the three, depending on
the imaging sample.

Through my project planning, a cost effective DM that does not guarantee stability
in an open loop configuration was used. Therefore, to ensure repeatability, DM surface
monitoring was required. 1 designed surface monitoring setup, for the DM, using a
S-H WFS (sCMOS camera CS2100M, Thorlabs and a lenslet array MLA300-14AR-M,
Thorlabs) and a laser (CPS405, thorlabs), used for illumination. A beam expander 2:1
L11 (f=100 mm) and L12 (f=50 mm) ensures the illumination of the entire DM surface
and a 4f system 1:2 L13 (=250 mm) and L14 (f=125 mm) conjugates the DM with the
back focal plane of the lenslet array. This creates a feedback DM feedback control loop,
where its performance is controlled by the wavefront sensor and not by the supplier’s

software.

3.3 CAD Modelling and Mechanical Design

To finalise the microscope’s design process, a mechanical design that consists of an
optical breadboard mounted vertically on an optical table was adopted. To verify the
feasibility of the microscope’s construction, the optomechanical components required to

realise my design were identified and a 3D computer model was generated in Sketchup
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Figure 3.1: Optical schematic of the adaptive light-sheet fluorescent microscopy mi-
croscope. An acousto-optic modulator was used for laser modulation, while a spatial
light modulator conjugated with the back focal plane of the cylindrical lens was used
for scanning the light-sheet. An upright detection, perpendicular to the light-sheet
collects the excited fluorescence and a deformable mirror in combination with a Shack
Hartmann wavefront sensor are correcting aberrations. Simultaneously the entire field
of view can be imaged by a wide-field camera and illuminated via a white light LED.
The figure is a representation of my work conducted in Inkscape using the Compo-
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The vertical breadboard was mounted on the optical table via two vertical brackets
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for breadboards and a 66 mm rail to reduce vibrations. Both the illumination and
detection paths were designed for optics with a diameter of 25 mm and mounted on the
table through 25 mm pedestal pillar posts in such a way that the optical path is 150
mm above the optical table and 80 mm away from the vertical breadboard. All lenses
were mounted on XY translation mounts, whilst the cylindrical lenses were mounted on
a kinematic mount and on a single direction stage to ease the microscope’s alignment.
The objective was designed to allow the required refocussing the the Z plane when
performing 3D imaging. Additionally, the sample was mounted on an XY linear stage
with 13 mm translation and an aperture of 57.1 mm in combination with a vertical
travel stage (LJ750/M - 02.64” Compact Lab Jack, 17 Vertical Travel). This allowed
wide field imaging by illuminating underneath the sample in addition to the light sheet
imaging. The finalisation of the CAD model paves the way to the LSFM microscope

construction.

3.4 Large FOV Sample Holders Design

The multi-purpose nature of this work required an adaptable sample holder. The
aim was to design a sample holder that allowed imaging coverslips of various sizes
(18x18 mm, 22x22 mm, 50x22 mm) and different angles (0°, 30° and 45°), microscope
slides, capillaries, and cuvettes. Imaging coverslips at different angles are used to
characterise the light sheet (this is shown in more detail in Chapter 4). Flat coverslips
and microscope slides were suitable for single plane wide-field imaging, while cuvettes
were used for volumetric imaging. Due to the diversity of the samples, imaging FND
on a cover-slip, FND in agar, C. elegans on coverslip and C. elegans in agar, a platform
that was mounted on the sample’s z stage and brings the sample at the imaging level
was considered.

A sample holder where the sample was fixed on a threaded hole platform was con-
sidered (Figure 3.2). However, this design blocked the wide field imaging as well as it
limited the imaging of samples at an angle, as required for the microscope characterisa-
tion, due to the short working distance of the detection objective (5.4mm). I designed

a platform where smaller sample holders, specifically designed for each sample, can be

59



Chapter 3. Light Sheet Fluorescent Microscope Design for Imaging Whole Living
Organisms

attached (Figure 3.3). At first, a microscope slide holder was designed, as shown in
Figure 3.4. This holder was used to image NDs and C. elegans in wide-field as well as
to perform wide-field ODMR measurements. A sample holder capable of holding a slide
at 45° was also modelled (illustrated in Figure 3.5). This was used for LSFM ODMR
measurements and for C. elegans imaging. Coverslip holders at an angle of 30° and 45°
were used for the initial LS characterisation. A design where the coverslip was glued
on the holder is shown in Figure 3.6 and a design where coverslips of different sizes
were slide into the holder is shown in Figure 3.7. Additionally, a glass capillary holder
was designed as shown in Figure 3.8 and Figure 3.10 (b). The sample was inserted in
the capillary and then sealed. The capillary was then placed in the the tube sample
holder and the sample holder was filled with glycerol to reduce the refractive index mis-
match between glass and air. Coverslips were glued at the sides of the sample holder
to seal the glycerol. A cuvette holder was designed (Figure 3.9) in addition to custom
made 3D printed cuvettes (Figure 3.10). The platform as well as the microscope slide
holder, cuvette holder and angular holder mounted on the microscope’s imaging path
are illustrated in Figure 3.11. All the designs are modelled in SketchUp and printed by
the research’s group 3D printer (S5 Ultimaker, S5 Material Station, which provides a
0.25mm resolution and 6.9 micron accuracy) with a PLA filament.

The geometry of the LSFM makes it challenging to have a universal sample holder.
A custom made sample mount was designed for each experiment. The group’s 3D

printer made this a low cost and rapid process.
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Figure 3.2: Customised generic purpose sample holder, fixed on the imaging platform.
M3 and M4 holes are used to clamp the sample on the holder. Dimensions of the base
are 80 mm x 4 mm x 25 mm (width x height x depth) a) and b) are the top view and
side view of the fixed generic purpose sample holder.

Figure 3.3: Generic sample holder mounting platform. M6 holes (red arrows) are used
to mount the imaging platform on the z-stage and M3 holdes (blue arrows) are used to
mount the sample holder on the platform.
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Figure 3.4: Microscope slide holder. a) Mounted on the platform, top view, b) Mounted
on the platform, side view, ¢) Slide holder design with dimensions (width x height x
depth) 80 mm x 8 mm x 30 mm. M3 holes are used to mount the holder on the
mounting platform. The red arrow shows the direction that the slide is mounted on
the holder

Figure 3.5: a) 45° Microscope slide holder with dimensions 60 mm x 3 mm x 15 mm
(width x height x depth). The coverslip is permanently glued on the sample holder.b)
Side view of the 45 degrees coverslip holder mounted on the imaging platform.
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Figure 3.6: 30 degrees angular coverslip holder. a) Permanent coverslip holder, where
the coverslip will be glued on the holder. M3 holes are used to mount the holder on
the sample platform. The dimensions (width x height x depth) of the coverslip holder
are 23 mm x 17 mm x 33 mm. Side view of the assembled 30 degrees angular coverslip
holder.

22mm x 22mm
coverslip

Obijective’s working
distance

Figure 3.7: a) Multi-size angular coverslip holder for usage of coverslips with different
thickness. Dimensions are 23 mm x 18 mm x 23 mm (width x height x depth). b) 45
degrees multi-size coverslip mounted on the imaging platform ¢) A cad model showing
the the multi-size angular coverslip holder with a mounted 22mm x22mm coverslip.
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Figure 3.8: Customised capillary holder design. a) Capillary holder of dimensions 24
mm x 10 mm x 24 mm (width X height x depth). A cut glass is glued at the sides
of the holder to enclose the liquid used to match the refractive index of the capillary.
M3 screws are used to mount the holder on the imaging platform b) Side view of the
imaging platform with the mounted capillary holder.

Figure 3.9: Customised cuvette holder. a) Cuvette holder with dimensions (width x
height x depth) 20 mm x 8 mm x 61 mm capable of housing cuvettes. M3 holes are
used to mount the cuvette holder on the imaging platform b) and c¢) side view and top
view of the cuvette holder mounted on the imaging platform

3.5 Microscope Control Hardware & Software

My LSFM was controlled through a computer system capable of handling the large
amount of data (5Mb per frame) and hardware components fast enough to achieve

high imaging speed (above 40 fps). This way the computer will not add a bottleneck on
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Figure 3.10: Customised cuvette designs. a) Used for volumetric imaging. Cut cover-
glass pieces are glued in the two slides and on top of the cuvette to seal the sample,
b) Cuvette that was used for imaging samples mounted in a capillary. Same sealing
procedure is applied to be able to fill the cuvette with liquid matching the refractive
index of the capillary. Dimensions for both cuvettes are 12.5 mm x 12.5 mm x 44.5
mm (width x height x depth) which is the same as standardised cuvettes.

Cylindrical Lens

Figure 3.11: a) b) and c¢) the 30 degrees sample holder, the coverslip holder and the
cuvette holder mounted on the z-stage with the sample mounted on the z-stage and
on the microscope. d ),e) and f) The implementation of the z-stage with the sample
attached at the imaging position.

the LSFM microscope. The hardware components used for the control of the designed
LSFM microscope are listed in Table 3.1

The computer system supports the large size images that are going to be extracted
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Camera

PrimeBSI, 95% Quantum efficiency, 43.5 fps at 16-bit/12-bit(CMS),
63 fps at 11-bit
Light sheet scanning

Meadowlark SLM - 1920 x 1152,
19ms LC response time, 31 Hz frame rate.
I/0O device
NI PCle-6323, 16 analog input channels, 250kS /s sample rate,
4 Analog Output channels, 719-900kS/s update rate and 48 Digital I/O channels
BNC-2110 terminal
Computer
Graphics Card: MSI GeForce RTX 2070 Ventus 8192MB PCI-Express
RAM: Corsair Vengeance LPX 32GB (2x16GB) DDR4 PC4-21300C16 2666MHz
M2 SSD: Intel 660P 512GB M.2-2280 PCl-e 3.0 x 4 NVMe QLC 3D NAND SSD
SSD: Samsung 1TB 860 QVO SSD 2.5” SATA 6Gbps 64 Layer 3D V-NAND SSD
Internal Hard Drive: Seagate 8TB IronWolf NAS 7200RPM 256MB Cache
Power Supply: Kolink Continuum 1200W 80 Plus Platinum Modular
Processor: AMD Ryzen Threadripper Twelve Core 2920X 4.3GHz (Socket TR4)
Motherboard: Gigabyte X399 Aorus Pro AMD X399 (Socket TR4) ATX
Objective stage
Dover Motion DOF5, 5mm travel, 1000g max load, 5nm position holding stability,
15ms step and settle time

Table 3.1: The microscope control hardware. The camera, spatial light modulator, the
analog input device, the computer, and the objective scanning stage are listed along
with their specifications.

from the LSFM due to the large Random-Access Memory (RAM) and storage mem-
ory(64GB), while the Central Processing Unit (CPU) and Graphics Processing Unit
(GPU) offer fast image processing capabilities. High imaging speed was ensured by the
selection of a camera and an SLM with a high frame rate, and a fast Data Acquisition
(DAQ) card and focusing objective stage (all specifications are listed in table 3.1).
The software control of the microscope was based on Python. Python was chosen
due to its rapid users expansion the past few years in combination with its open source
nature. Initially we considered adapting an open source software called Qudi [124].
Qudi is python based software capable of controlling laboratory experiments, based on
three modules, the hardware, the logic and the Graphical User Interface (GUI). The
modules are controlled through a core code and called through a configuration file.

The hardware modules are the translation of hardware to software language, the logic
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modules are used to control the hardware in order to perform the desired function, while
GUI modules are responsible for the control over the logic modules and the illumination
of the experiments’ results. Despite the fact that we coded the hardware module for the
camera and the DAQ card, it was very challenging to hardware code for the DM, and
to write the adaptive optics logic code. Therefore, we decided to use pmanager [125] as
an imaging software and SLMtools [126] as the SLM control and light sheet scanning
software. The exploration of QUDI as control software was performed in the initial
stages of the COVID lockdown and it was only when we regained access to the lab that
we realised its limits for our specific application and moved to MicroManager.

ont
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Figure 3.12: SLMtools software without any adaptations. Geometry: controls the size
of the hologram (red square). Pupils allow to increase or reduce the number of pupils
in the hologram (blue square). Pupil allows control of the position of the selected
pupil and its radius (green square). Zernike aberration window offers control over the
aberration via Zernike polynomials (black square). [126].
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SLMtools is a Python based software that enables control over a SLM connected
to the computer via an High-Definition Multimedia Interface (HDMI) connection. The
control of the SLM is done through the GUI shown in Figure 3.12. The principle of
operation is based on the fact that when the SLM is connected to a computer via an
HDMI connection, the computer sees it as a second monitor. Hence, a hologram is
projected on the SLM as it would have been projected on a second monitor. SLM
control is achieved by manipulating this hologram. The positioning of the hologram as
well as its dimensions are controlled from the “Geometry” window, while the position of
the pupil and radius specified at the ” Pupil” window. Pupils refer to the aperture on the
SLM that the selected grating is applied on. Additionally, the grating of the hologram’s
background is set at the “Grating” window, and the pupil’s grating at the ”Blazed
grating” window. Pupils can be added and removed from the ”Pupils” window. The
original SLMtools code offers aberration control via Zernike polynomials, it supports
multiple pupils over the same SLM window and it supports Two-Dimensional (2D)
and 3D STED phase masks. The fact that this software allows control of an HDMI
connected SLM and can manipulate several pupils on a single SLM makes it perfect for
our application, since our SLM is an HDMI connected SLM and we are reflecting both
illumination beams from the same SLM, thus multi-pupil control is mandated.

Light sheet manipulation was achieved by adapting the SLMtools code and intro-
ducing the "LSFM” window, as shown in Figure 3.13. A custom written python code
ensured hardware synchronisation. This was achieved by investigating the LS’s po-
sition in response to the grating applied on the SLM (more information is presented
in Section 4.2). I set a scanning module where the user can select the start and end
position of the light sheet as well as the scanning step size in ym. Additionally, the
”goto” option is included where the user can directly drive the light sheet to a specific z
location. Scanning and imaging synchronisation is achieved by setting the same start,
end and step size in both the SLMtools and micromanager. By running both software,
micromanager moves the detection objective at the correct position and waits for a
trigger to capture an image. SLMtools moves the light sheet at the imaging position

and then triggers the camera through the National Instruments (NI) DAQ card. The
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Figure 3.13: SLMtools software adapted to light-sheet scanning. Light-sheet control
over the start and stop position of the scan as well as the scanning size is achieved
through the light-sheet fluorescent microscopy window (black square). There is also
the option to move the light-sheet at a selected position.

image is then captured, the objective is moved and next trigger is expected. This runs

in a loop until the scan is completed.

3.6 Summary and Discussion

In this Chapter I present the methodology of designing a conventional LSFM (single
illumination beam and single detection) and a dual illumination beam and single detec-
tion LSFM. The sample of interest, FOV, resolution and level of accepted anisotropy
lead to the selection of suitable optical elements. The sample’s optical specifications

(transparency) assists in the selection of LS generation, with DSLM being favourable for
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optically dense samples and SPIM being more suitable for optically transparent sam-
ples [4,67]. The biological question or the application of the microscope contributes
in the selection of a FOV, resolution, level of anisotropy and imaging sensor, which
are used to calculate the NAs of the illumination and detection objectives, the magni-
fication and the focal length. The method of optical elements selections described in
this chapters assumes that conventional illumination and detection objectives are used.
However, objectives such as Mesolens can be used in LSFM configurations. Mesolens is
a 0.47 NA objective that offers a 6 mm FOV with 700 nm lateral and 7 ym axial reso-
lution [127]. LS mesoscopy was presented by E. Battistella et al [128] where a Gaussian
LS and an Airy LS illuminate 4.4 mm and 3 mm FOV respectively with and Airy LS
thickness of 7.8 ym and a Gaussian LS thickness of 36.8 pym. This demonstrates the
level of flexibility and adaptability of LSFM and shows that a plethora of biological
questions can be investigated with LSFM.

I designed a LSFM with dual-illumination beam and single detection with a FOV of
2mm. Due to the low NA required to illuminate such a FOV (NA 0.03) the CL directly
illuminates the FOV without the necessity of an additional illumination objective. A
LS with a thickness of 21 um at the edge of the FOV and 14.9um at the centre of
the FOV was formed. A detection objective with NA 0.4, magnification of x10 and
field number of 25 was selected. This detection objective allowed a lateral resolution
of 1.06 pm and a axial resolution of 7.79 pm; however, the since the LS thickness was
greater than the axial resolution of the detection objective, the LSFM axial resolution
was determined by the LS thickness. A compromise of resolution was made to ensure
a FOV of 2 mm, limiting the lateral resolution of the microscope to 2.12 pm.

Adaptive elements were included in my design. A SLM in the illumination path
was responsible for the modulation of the illumination beam and it would also allow
AO corrections. A DM was positioned in the detection path for further AO correc-
tions. Although a LSFM with a large FOV, where the LSs are directly illuminating the
FOV without an illumination objective was reported [129] and AO elements have been
reported in the illumination [95] and detection arm [91], a combination of the three

has not been reported yet. The adaptability offered by the SLM in the illumination
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path and the DM in the detection could lead to the development of a ”smart” adaptive
LSFM [130]. Real-time analysis of the sample could determine the most suitable LS
generation (DSLM, SPIM) method and beam used (Gaussian, Bessel, Airy) to achieve
the maximum capability of the microscope. The SLM’s modulation capabilities would
allow such an operation.

The software used for the control of the LS was based on SLMtools. SLMtools was
adapted to enable scanning of the LS and the detection objective so that the two are in
focus during the scanning operation. However, the software limited the refresh rate of
the SLM to 10 frames per second, which determined the imaging speed of the LSFM.

Due to Covid lock-downs my access to the lab was limited, therefore; some of the
microscope design features were not able to be fully implemented and tested. The DM
as well as the wide-field imaging configuration were not implemented in the micro-
scope and the laser modulation is achieved through the SLM and not an AOM (LSFM

microscope is described in Chapter 4).

71



Chapter 4

Dual Illumination-Single
Detection Light Sheet
Fluorescent Microscope -

Characterisation and Imaging

In this chapter I present the constructed dual illumination single detection microscope.
The microscope incorporates AO elements; therefore, the SLM calibration and char-
acterisation along with the stability characterisation of the DM is presented. The
microscope characterisation method and the resulted specifications are also presented

in this chapter. Finally, volumetric imaging of ND and C. elegans is shown.

4.1 Imaging Platform

The dual illumination, single detection LSFM I constructed and used for imaging of C.
elegans and NDs is shown in Figure 4.1. Comparing the constructed microscope shown
in Figure 4.1 with the microscope design shown in Figure 3.1, we can observe that there
are three differences. Since the SLM was used to select which path the illumination was
following, the AOM was not included into the illumination path. Instead the SLM was

used for modulation. This is sufficient for initial testing and CW ODMR experiments,
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but when pulsed-excitation schemes are attempted, it will be necessary to add the

AOM to the optical path as the required sub-microsecond pulses are far outside the

capabilities of the SLM
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Figure 4.1: Optical setup of the dual illumination single detection light-sheet fluorescent
microscope. A 532 nm laser is expanded (L1 and L2) to 6 mm and then split to
create the two imaging paths. Both paths were refracted at the spatial light modulator
(L3 and L4 conjugate the back focal plane of the cylindrical lens to the spatial light
modulator screen) and pass through the cylindrical lenses to form two light-sheets. The
excited fluorescence was collected by the detection objective and focused on a sCMOS
camera. The figure is a representation of my work conducted in Inkscape using the
ComponentLibrary created by A. Franzen [122]

Y -

Laser modulation was achieved through the SLM. When a specific hologram was
projected on the SLM, the reflected beams were driven out of the illumination path

and blocked by a mechanically adjustable slit. The mechanically adjustable slit was
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placed at the focal position of L3 in each path. Hence, when a grating on the SLM
shifted the beam, the beam was blocked by the slit. The beam passes through the
aperture only at a selected SLM grating. To ensure that only the 1st refraction order
of the SLM passes through the opening of the slit, a lens and a camera were used
to image the mechanical slit surface, via a drop-in mirror. The slit was opened so
that many diffraction orders passes through. When closing the slit, one by one the
diffraction orders are blocked. At a certain opening, only the 1st diffraction order
was imaged. The first diffraction order was used for phase modulation, since the first
diffraction order provides maximum efficiency when a phase grating is projected on the
SLM [131]. Additionally, the wide-field imaging setup (L8, L9, .10, Beam Splitter (BS),
white Light-Emitting Diode (LED), and a camera) was replaced with a 532 nm 5 mW
power laser, used for the alignment of the detection path as well as the conduction of
wide-field ODMR measurements (discussed in Chapter 5). Following our experimental
procedure, initial tests were done with a mirror at the position of the DM to avoid
problems with DM control being mistaken for alignment issues with the microscope
overall. This is a common approach with AO microscopes; the AO elements have a
maximum capacity to correct for aberrations, so it makes sense to align the microscope
as well as possible before introducing them. Unfortunately, the severe restrictions on
lab access imposed by the COVID lockdowns meant that I was not able to reach the
stage where we placed the DM in the microscope. A DM can be embedded in the
microscope without any changes, by replacing the mirror, shown as "mirror DM” in

Figure 4.1, with a DM.

4.2 Methodology

4.2.1 Adaptive Optics Elements Calibration and Characterisation
SLM calibration

SLMs are not achromatic because the index of refraction changes for different wave-
lengths. As a result, an SLM designed to give 2w phase stroke at a specific wavelength

will provide a phase stroke less than 27 for longer wavelengths and more than 27 phase

74



Chapter 4. Dual lllumination-Single Detection Light Sheet Fluorescent Microscope -
Characterisation and Imaging

stroke for shorter wavelengths. Therefore, a wavelength dependent calibration is re-
quired every time the wavelength is changed. The calibration will ensure that the input
greyscale levels of 0 to 255 (since this is an 8-bit device) linearly map phase delays of
0 to 27 [132].

The SLM calibration procedure recommended by the SLM supplier was used and
described below [133]. The SLM calibration optical setup is shown in Figure 4.2. The
beam expander was used to expand the beam so that it illuminates the entire active
area of the SLM. The half-wave plate was required for polarisation alignment and a
lens focused the refracted beam on a photodiode power sensor.

The calibration procedure starts by projecting images of phase grating stripes to
the SLM. One of the stripes’ greyscale value was set to 0 and the other varies from 0
to 255, which is the maximum greyscale level. The width of each stripe was 8 pixels,
which is small enough to ensure separation between the Oth and 1st order of diffraction,
as indicated by the SLM’s manufacturer. The power intensity of the Oth order was then
measured for each greyscale variation. The Oth order was used for global calibration as
indicated at the calibration protocol [132].

The resulted normalised to one SLM calibration raw data is shown in Figure 4.3.
Greyscale 0 refers to a fully black image, where greyscale 255 refers to a fully white
grating. The first minimum indicates the greyscale required to achieve a phase shift of
7 while the second peak indicates the greyscale required to achieve a 2w phase shift.

The SLM was calibrated for phase shifts from 0 to 2. The intensity measurements,
raw data, were converted to phase and normalised from 0 to 2w. The obtained phase
was unwrapped and a curve fit has been applied. The final stage was the extraction of
the Look-up Table (LUT) where 0 to 1 refers to 0 to 27 (Figure 4.4). This procedure
was done automatically by a software provided by the SLM supplier. The results of

the SLM calibration are shown in Section 4.2.

SLM Beam Scanning Characterisation

The LS scanning through the sample was achieved through the SLM when Zernike

polynomials were applied. Zernike mode 1, tip and tilt, was projected to scan in the
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Figure 4.2: Optical schematic of the spatial light modulator calibration setup. A
532 nm laser beam was expanded (L1 and L2) so that it covered the spatial light
modulator’s screen. L3 focused the refracted from the spatial light modulator beam
on a photodiode power sensor. The half wave plate was used to achieve the desired
polarisation alignment achieved by maximising the laser power at the photodiode [132].
The figure was extracted from the Meadowlark data-sheet [132] and it was created using
Inkscape and the ComponentLibrary created by A. Franzen [122]

x and y direction respectively (see Figure 4.6 and Figure 4.7). The Zernike amplitude
was selected and applied through the SLMtools software [89,126,134,135].

The optical schematic of the SLM scanning characterisation setup is shown in Figure
4.5. The SLM scanning characterisation setup is similar to the SLM calibration setup,

their only difference is that a camera was used for the scanning characterisation instead
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Figure 4.3: Normalised intensity of zeroth order diffraction of spatial light modulator
with the greyscale patterns projected on the spatial light modulator. One of the stripes’
greyscale value is set to 0 and the other varies from 0 to 255. The figure was extracted
using data from the SLM calibration software provided by Meadowlark.

of a photodiode. Initially, all aberration amplitudes were set to zero, and then the
Zernike mode 1- (tilt) amplitude was increased in steps of 10, within a range of 0-100.
Tip was also investigated by setting all aberration amplitudes to zero and then increase
Zernike mode 14 (tip) amplitude in steps of 10, starting from zero and ending at 100.

The refracted beam imaged, in respect to the hologram applied on the SLM, for
both tip and tilt is shown in Figures 4.6 and 4.7

The distance between the Oth order and the 1st order were initially measured in
pixels and then translated into physical movement (um), by multiplying the number
of pixels measured to the physical size of each pixel (pixel size equals to 5.86 um, and
plotted (Figure 4.8). The pixel shift was determined by plotting the linear profile of
the imaged diffracted beam and measuring the distance (in pixels) from the Oth order
beam peak intensity to the 1st order beam peak intensity. Since the laser beam’s size

is greater that one pixel (it is equal to 10 pixels), the middle point of each laser beam,
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Figure 4.4: spatial light modulator look-up table for a 532 nm refraction. The Y-axis
represents the phase shift, where 0 is referred to Or and 1 to 27. X-axis is the grayscale
level applied on the spatial light modulator. The figure was extracted using data from
the SLM calibration software provided by Meadowlark.

for both the Oth and 1st diffraction orders, were used to measure the pixel’s shift. The
measurement was repeated three times with identical results; therefore the error is not
included in Figure 4.8

As shown, linear scanning of a beam in both the x and y directions was achieved. For
LSFM imaging only scanning in the y-direction was used to illuminate the sample. In
the LSFM imaging configuration, the y-axis defined on the SLM software corresponds

to the z-axis of the detection arm.

4.2.2 Microscope Characterisation

The first step of the LSFM microscope characterisation was to ensure that LS illumi-
nation was achieved. This was investigated by imaging a coloured lens tissue at 45°
(Figure 4.9). The sample was made by colouring a lens tissue with highlighter. To

ensure that the highlighter soaked lens tissue was flat, the lens tissue was fixed between
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Figure 4.5: Optical schematic of the spatial light modulator scanning characterisation
setup. L1 and L2 form a beam expander to cover the spatial light modulator’s screen.
A halfwave plate ensures that the correct polarisation to achive maximum refraction is
applied, and a tube lens (L3) focuses the refracted beam on an iDS camera. The figure
is a representation of my work conducted in Inkscape using the ComponentLibrary
created by A. Franzen [122].

to two coverslips. The coverslips were held together with nail varnish. The image of the
highlighter soaked lens tissue when the illumination beam was focused on it is shown
in Figure 4.9. This image was expected since only the tissue illuminated by the LS was
imaged.

To calculate the FOV of the microscope and magnification a 10 ym calibration grid
was imaged, with white light illumination, as shown in Figure 4.10.

Each calibration grid square consists of 10 pixels. Therefore each pixels corresponds
to 1 um. With a camera pixel size of 6.5 ym we saw that the magnification of the
microscope was, as designed, 6.5. Also, it was observed that image illumination was
projected on 1570 pixels, showing that the FOV was 1.57 mm. The FOV was designed
to be 2 mm; therefore, this was an indication that there was clipping in the detection

path.
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Figure 4.6: a) b) and ¢) Hologram projected on the spatial light modulator for a tilt
coefficient of 0, 50 and 100 respectively. (d) The image of the diffracted beam for a
tilt of 0. (e) The image of the diffracted beam for a tilt of 50. The shift of the 1st
order of diffraction is 40 pixels which is translated to 234.4 ym and (f) The image of
the diffracted beam for a tilt of 100. The shift of the 1st order of diffraction is 78 pixels
which is translated to 457.8 um. Blue lines indicated the Oth order of diffraction and
red lines the 1st order. The red and blue lines are used for representation of the pixel’s
translation and they were not used for the extraction of the data plotted in Figure 4.8.

To identify the element or elements that cause clipping an optical simulation of the
detection path was conducted. Each optical element along with the physical distance
between each set of elements were implemented in raytracing (see Section 2.1). The
model of the detection path was then formed and used to extract the efficiency of
the optical model, pointing to the location that causes vignetting. Additionally, the
magnification and FOV was calculated. Initially, the detection path was designed
with 25 mm diameter optics. When the detection path was modelled a large loss due
to vignetting (26.6%) was observed (shown in Figure 4.11). Raytracing [25] showed
that there was blockage in the detection path from the 45 degrees-orientation mirror
mounts used in the periscope section of the detection paths well as a sub-set of the
lens mounts and cage plates used for the construction of the microscope. Therefore all
the components causing a blockage in the detection path were replaced with 50 mm
diameter optical and opto-mechanical components. The 50 mm detection path model is

shown in Figure 4.12 As observed, the loss due to vignetting was reduced to 3.1%. The
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Figure 4.7: a) b) and c) Hologram projected on the spatial light modulator for a tip
coefficient of 0, 50 and 100 respectively. (d) The image of the diffracted beam for a tip
of 0. (e) The image of the diffracted beam for a tip of 50. The shift of the 1st order
of diffraction is 40 pixels which is translated to 234.4 pym and (f) The image of the
diffracted beam for a tip of 100. The shift of the 1st order of diffraction is 81 pixels
which is translated to 474.5 um. Blue lines indicated the Oth order of diffraction and

red lines the 1st order. The red and blue lines are used for representation of the pixel’s
translation and they were not used for the extraction of the data plotted in Figure 4.8
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Figure 4.8: Tip and tilt scan of the 1st order of refraction. The Zernike mode 1
amplitude varies from 0 to 100 in steps of 10 while the physical movement of the 1st
order of refraction is measured.

raytracing modelling of our system with the 50 mm optics confirmed that we should
have a 2 mm FOV. However, when we replaced the optics and measured again, the
resulting FOV was only slightly improved, to 1.6 mm. Deeper investigation on the

detection path revealed that the distance between the outer surface of the camera’s c-
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Figure 4.9: Lens tissue light sheet illumination imaged with the light-sheet fluorescence
microscope. a) A coloured lens tissue is fixed between two coverslips, glued together
with nail varnish. b) The coloured lens tissue was imaged at an angle of 45° to image
the light-sheet. c) Light-sheet image extracted through the coloured lens tissue.

mount hardware (which can be used to directly attach suitable imaging lenses or filters)
and the actual sensor (which, in agreement with the ¢ mount standard) is located 17.5

mm in front of the mount’s surface was not included in previous models. Including the

82



Chapter 4. Dual lllumination-Single Detection Light Sheet Fluorescent Microscope -
Characterisation and Imaging

Figure 4.10: Wide field, white light illumination of a 10um calibration grid used to
measure the field of view of the detection objective, using the light sheet fluorescent
microscopy detection path.

camera’s geometry within the model, it was shown that the loss of FOV was caused by
the camera’s ¢ mount (Figure 4.13)

The FOV of the model, where the camera’s geometry was included, was 1.53 mm,
which agrees with the actual LSFM FOV observed. All similar specifications cameras
use ¢ mounts; therefore, the option of changing a camera was not considered. A solution
considered was to include two more lenses within the detection path. The space from
the DM to the sCMOS camera is an optically infinite space; therefore, by introducing
two lenses and form a beam expander of magnification M=3, we will need a tube lens
with 3 times longer focal length to maintain the same magnification. The distance
between the TL and the camera will be 3 times longer and thus the camera’s mount
will not cause a blockage. However, due to time limitation, this could not be applied.
Hence, all the experiments and imaging are conducted within a FOV equal to 1.53mm.

There are some other imaging artefacts that arise from the vignetting due to the camera
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Figure 4.11: a) Optical model of the Light-sheet fluorescent microscopy detection path
in raytracing python module. The detection path is modelled with 25mm optics. The
black vertical lines represent lenses and the gray and black dots represent apertures.
b) Vignetting occurring due to blockers in the path. Red dots represent vignetting
and green dots represent transmission. The figure was extracted using the RayTracing
python library created by D. Coté [26].
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Figure 4.12: a) Optical model of the detection path in raytracing python module with
50mm opto-mechanical components b) Vignetting of the imaging path. The figure was
extracted using the RayTracing python library created by D. Coté [26].

mount and we will point them out when then occur in the data presented in the thesis.

To investigate the accuracy of the objective’s scanning stage, a FND slide sample
was imaged at an angle of 30° with a wide-field illumination via the low power 532 nm
laser described in section 4.2.2. The sample preparation is described in Section 4.2.3.

The sample was mounted on the angular mount shown in Figure 3.7 and it was set
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Figure 4.13: a) Optical model of the detection path in raytracing python module with 50
mm opto-mechanical components including the camera’s geometry b) Vignetting plot
of the imaging path. The figure was extracted using the RayTracing python library
created by D. Coté [26].

for imaging. The objective was moved in steps of 50 pm, starting from -200 ym and
ending at 200 pm, with 0 being the reference position of the LS. The objective moves
in the z-direction, perpendicular to the imaging plane. The vertical movement of the
objective results in lateral focal shifts because the angle between the sample and the
imaging plane is 30 degrees. During this characterisation procedure, the LS remained
stationary. For each step an image was captured and the centre of the in-focus plane
was estimated for each image as shown in Figure 4.14. A stack was created listing all
the captured images. The lateral focal shifts were measured by examining the entire
images’ profiles. A sharp change between bright and dark pixels indicated the in-
focus region. The pixels at the centre of this regions were used to measure the lateral
focal shifts. Knowing that the sample was at 30° and by measuring the translation
of the focus (parallel to the optical plane), we calculated the actual translation of the
detection objective. To calculate the error of my measurements, each measurement was
repeated five times. The obtained measurements presented a standard error of 0.94%,
which considering that the centre of the focal plane is estimated empirically, presents
an accurate objective scanning [136].

Ensuring that the focal plane of the objective was synchronised with the LS was of

crucial importance. Therefore, the position of the light sheet in respect to the grating
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Sample atan

angle
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Figure 4.14: Fluorescent nanodiamond slide imaging with a 532nm wide-field illumina-
tion while the objective is scanning the sample. a) Image of the Nanodiamonds with
the objective at the position -200 pm in the z-direction, b) Image of the Nanodiamonds
with the objective at the position -100 um in the z-direction , c¢) Image of the Nan-
odiamonds with the objective at the position 0 pym in the z-direction, d) Image of the
Nanodiamonds with the objective at the position 100 pm in the z-direction, e¢) Image
of the Nanodiamonds with the objective at the position 200 pym in the z-direction, f)
Schematic showing the objective scanning characterisation strategy. The red and blue
lines are used for representation of the pixel’s translation and they were not used for
the extraction of the data plotted in Figure 4.15

applied on the SLM was examined. This was achieved by placing CMOS camera (uEye
iDS) at the focal position of the LS and, by including neutral density filters to protect
the camera, imaging the LS. The tilt grating of the SLM was swept from -100 to 100
in steps of 10. The LS translation caused by the change in the grating projected on
the SLM was measured by estimating the position of the LS for each grating applied
on the SLM. The shift of the LS was initially measured in pixels and then translated
into pm. The resulted plots are shown in Figure 4.15. As it can be observed in Figure
4.15 the LS translation is not perfectly linear in respect with the grating applied on the
SLM. This could be a result of the uncertainties within the calibration process. The
camera used to image the in-focus LS was mounted on the imaging system through

an optomechanical cage system; therefore, the calibration progress was not adapted to

86



Chapter 4. Dual lllumination-Single Detection Light Sheet Fluorescent Microscope -
Characterisation and Imaging

the angle of the LS nor the angle of the camera. Additionally, the estimation of the
focal line was achieved by linearly plotting the profile of the in-focus light sheet. Since
the LS thickness is greater that the camera’s pixel size, there is an uncertainty in the

placement of the focal line. Knowing the scanning capabilities of the objective’s stage

a) b)

200 200

—200 =200

Light-sheet position in um
Light-sheet position in pm

400 -400

100 75 -50 -25 0 25 S0 75 100 -100 -75 -50 -25 0 25 0 75 100
Tip grating level Tip grating level

Figure 4.15: Light-sheet scanning characterisation in respect to the grating applied
on the spatial light modulator. x-axis shows the applied grating and y-axis shows
the corresponding light-sheet translation. a) Light sheet scanning of the reference
illumination path, b) light-sheet scanning of the 2nd illumination path

and the effect of the grating projected on the SLM on the LS’s position, the SLMtools
software was modified so that the objective’s focal position is synchronised with the

position of the LS.

4.2.3 Nano-Diamonds Imaging
Nano-Diamond Samples Preparation

FND imaging was conducted on FINDs mounted either on a coverslip or in an optically
transparent cuvette. To make the ND slide sample, FNDs were mixed with distilled
water at a 1:100 ratio (90nm ND, Sigma-Aldrich 798150). When mixed, 10 uL of the
mixture was dispensed on a coverslip. A pipette was used to continuously spread the
liquid containing the FNDs across the coverslip until the water is evaporated (this can
be done with the coverslip being placed on a hotplate at 40-50 degrees Celsius to speed
up the evaporation process). Then 10-20 pL of distilled water or objective immersion

oil was added on the top of the FNDs. A second coverslip was then placed on the top
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of the oil or water. Few minutes were given for the sample to settle, and then it was
sealed with nail varnish. When the nail varnish is hardened the sample is ready to be
used.

The same FND was used to make a cuvette sample by mixing ND with agarose and
then dispensing it in a cuvette for imaging. High optical quality cuvettes were required
to avoid compromising imaging, thus we used the CV10Q7F Thorlabs 700 uL cuvettes,
made with synthetic quartz glass. Initially an 1% agarose in water was heated in a
microwave to form the agarose solution. NDs were added to the dissolved agarose at
a ratio of 1:100. Because the agarose is liquid only at a high temperature a hotplate
stirrer was used to keep the agarose liquid (set at 90 degrees Celsius) and the ND were
mixed with the agarose using a vortex. The ND /agarose was inserted into an optically
transparent cuvette. The cuvette was then sealed with nail varnish and the sample was

ready to be imaged.

4.2.4 C. elegans Imaging

The protocol used for growing and freezing C. elegans was the one found at Worm-
Book.org, as suggested by the C. elegans supplier [137], while the freezing E. coli
protocol followed was suggested by Thermofisher [138]. The C. elegans supplier was
the Caenorhabditis Genetics Center (CGC) at the University of Minnesota [139] and
the strains used for imaging are the XE1995 and LX1960. XE1995 strain genotype is
wpls98 [it 1pB::Chrimson::SL2::mCherry + odr-1p::RFP| and it was chosen because
of the red fluorescent protein (RFP) tag. RFP relative absorption compared to the
peak is 49% with the illumination of a 532nm laser [140]. The LX1960 genotype is
vsls172 [lin-11(enhancer)::pes-10p::GCaMP5 + lin-11(enhancer)::pes-10p::mCherry +
lin-15(4)]. The mCherry in both strains allowed the imaging of neurons. mCherry can
be excited with the 532 nm laser used at the LSFM microscope; however, at 532 nm

excitation mCherry is excited with 40% efficiency [141].
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Sample Preparation

Three different samples of C. elegans were prepared and imaged with the LSFM mi-
croscope. A sample preparation method was based on the enclosure of a block of agar,
40 mmx10 mmx3 mm, seeded with E. coli and living C. elegans in a cuvette [137].
The sample used for imaging is shown in Figure 4.16. The block of agar is placed in
a cuvette. To cover the gap of air formed, since the agar block is thinner than the
cuvette, a cut cover glass is placed on top of the seeded agar. On top of the coverglass,

1% agar in water is placed to fill the rest of the cuvette and thus stabilise the sample.

Coverglass

A a A a  w

C. Elegans
in agar

Figure 4.16: Cuvette based C. elegans sample. The black arrow shows where the
coverglass is placed to separate the C. elegans (green arrow) from pure agar (shown
with the blue arrow). The cuvette’s dimension is 12.5mmx12.5mm x45mm

The other two samples were based on coverslip imaging, one with water and the
other with immersion oil. To create the sample, a very small amount of worms or
a single worm were moved from the petri plate to a coverglass [142], as described
below.. A drop of water or immersion oil was then added on top of the worm and
then the sample was sealed by placing a coverslip on the top and applying nail varnish
and parafilm [143, 144]. The coverslip C. elegans sample is shown in Figure 4.17.
To ensure that worms are transferred on the coverglass, the C. elegans culture was

observed under a stereomicroscope. As the C. elegans culture consisted of worms at

89



Chapter 4. Dual lllumination-Single Detection Light Sheet Fluorescent Microscope -
Characterisation and Imaging

different development stages, large worms were identified and transferred either by the

”chunking” method, or by using tweezers to transfer a single worm.

Round Coverslip _ _
> Immersion oil

Coverglass P
>

v
Sample

Figure 4.17: Coverslip C. elegans sample. A coverglass was used as a base where a
single worm or a small block of agar with C. elegans was placed on it. On top of the
sample I add a drop of immersion oil and then the sample was sealed with a round
coverslip and nail varnish.

4.3 Results

4.3.1 Nano-Diamonds Imaging
Volumetric Imaging

The volumetric imaging capabilities were examined by imaging 90nm nanodiamonds
in a cuvette. To push the microscope to its imaging capabilities, the depth of imaging
acquired was increased until signal was not detected. Intially a 300pm depth scan was
conducted followed by a 600 pm and a 900 um, the last being the limit of the depth
of imaging. A 900 pm depth scan is shown in Figure 4.18, where the imaging plane
at depths of 135 um, 465 pm and 765 pym are shown in Figure 4.19. The shape of
the PSFs imply that there is significant spherical aberration which was expected since
there was no refractive index matching nor a method of correction. As observed, a field
curvature-like effect is presented, either due to the aberrations introduced by the tube
lens, or by the vignetting at the camera’s c-mount. An attempt to correct the field
curvature is done by replacing the tube lens with a Plossl eyepiece (more information

in Section 4.2.2); however, no improvement was observed, indicating that the cause
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of distortion is most likely the vignetting at the c-mount of the camera (See Section

42.2).

Figure 4.18: 3D image of 90nm nanodiamonds at a FOV of 1.5 mm x 1.55 mm and a
depth of 900 pym imaged using the light-sheet fluorescent microscope with single light-
sheet illumination. The scanning step was 3 um. The grid is on 15micron scale for the
x and y axes and 10 pym for the z-axis.

To calculate the axial and lateral resolutions, the FOV has been divided into two
regions. Each region is subdivided into four sub-regions as shown in Figure 4.20. The
yellow circles form the two regions and the red lines form the four sub-regions.

The axial resolution was calculated by isolating four low intensity FND within each
region. I used low intensity features that were of the order of the PSF size in the
hope that they were sub-diffraction sized single FND or single-digit clusters of FND.
Then the z-profile was extracted using ImageJ. Gaussian fits to the z-profiles were

used to determine the axial FWHM. A mean of the four FWHMSs determined the axial
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Figure 4.19: Plane images of nanodiamonds at depths of a) 135um, b) 465um and
¢)765um from the 900 pm scan. Aberrations at the edge of the field of view are
observed within the entire sample depth.

resolution in each region and the standard error was used to estimate the error of my
measurements. Measurements of the axial resolution were made at different depths for
all three scans. The same sample was imaged at three different depth scanning ranges.
The first scanning range was from 0 to 300 pm, the second from 0 to 600um and the
third from 0 to 900 pm. For the 300 pm scan the axial resolution is examine at depths
of 45 pm, 150 pm and 255 pm . For the 600 um scan the depths investigated are 90 pm,
300 pm and 510 pm, while for the 900 um scan the depths where the axial resolution is
recorded are 135 pm, 450 pm and 765 pm. The axial resolution at different depths has
been acquired. The lateral resolution was estimated by calculating the xy FWHM for
each of the grid’s squares using the LuckyProfiler imageJ plugin [145]. LuckyProfiler
calculates the FWHM of the PSF considering all the planes of a stack; therefore, I did
not examine xy-axis PSF for different imaging depths. The axial and lateral resolutions
for the reference arm are shown in Figures 4.21 and 4.22 respectively. The axial and
lateral resolutions for the second illumination arm are shown in Figures 4.23 and 4.24
respectively.  To examine the LS thickness, a series of images were acquired with a
stationary LS while scanning the detection objective. The scan started from -150 um
and ended at 150 pm with O the position that the detection objective recorded FNDs
peak intensity. Z-axis profiles were extracted and a Gaussian fit was applied to measure
the LS thickness. The FOV was divided in seven regions along the y-axis (see Figure
4.9) to measure the thickness of the LS along the entire FOV. The FOV separation is
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Figure 4.20: Separation of the FOV into two regions (A and B, yellow circles) and four
sub-regions (1, 2, 3, and 4, separated by the two red lines) to investigate the axial and
lateral resolution within the entire field of view.

shown in Figure 4.25 The reference path LS thickness and the second path LS thickness
are shown in Figure 4.26. Four FNDs or FND clusters were examined in each region

to estimate the uncertainty in this measurement.

Synchronised dual illumination imaging

The imaging distortion presented at the edge of the FOV cancels out the benefit of
larger FOV imaging offered by the dual LS illumination, because increasing the illumi-

nated FOV will not result in an increase of the imaged FOV. This is not due to the
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Figure 4.21: Axial resolutions of the light-sheet fluorescence microscopy at different
depths with the reference arm light-sheet illumination imaging 90 nm fluorescent nan-
odiamonds. a) c¢), and d) Axial resolution for region A captured through a 300 pm
(at depths of 45, 150, and 255 pm), 600 pm (at depths of 90, 300, and 510 pum), and
900 um (at depths of 135, 450, and 765 pm) scans respectively. b), d), and f) Axial
resolution for region B captured through a 300 pm (at depths of 45, 150, and 255 pm),
600 pm (at depths of 90, 300, and 510 pm), and 900 pum (at depths of 135, 450, and
765 pm) scans respectively.

nature of dual illumination LSFM, but because of the vignetting in the imaging path
of our microscope (solutions to overcome this problem are described in Section 4.2.3).

Therefore, all the data acquisition occurred under a single illumination LS. To examine
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Figure 4.22: Lateral resolutions of the light-sheet fluorescence microscopy at different
depths with the reference arm light-sheet illumination imaging 90 nm fluorescent nan-
odiamonds.a) Lateral resolution of region A for a 300, 600 and 900 mum scan. b)
Lateral resolution of region B for a 300, 600 and 900 mum scan.

the synchronisation of the two LSs, both LSs were aligned and focused at the centre
of the FOV. All scans conducted for the volumetric imaging of NDs are repeated with
dual illumination and the images acquired for each illumination path were compared at
various imaging depths. Figure 4.27 shows imaging planes when the reference path is
used for illumination (a,b,c) and when the second path is illuminating (d,e,f). Figure
4.27a) and d) are at a depth of 60 pm , Figure 4.27 b) and e) are at a depth of 150 pm
while Figure 4.27 ¢) and f) are at a depth of 240 pm. In Figure 4.27 g), h), and i) the
overlay between a) and d), b) and e), and ¢) and f) is shown respectively. As shown, the

LSFM microscope was capable of synchronised dual-illumination volumetric imaging.

Image correction

The acquired images show a field curvature-like effect. To investigate whether this
is actual field curvature or if it is formed by the blockage occurring at the camera’s
mount different tube lenses were examined. In other applications, a Plossl eye-piece
configuration, used as a tube lens, was found to reduce the effect optical aberrations
(including field curvature) and improve imaging performance [146,147]. The work of V.
Voleti et.al showed improvement of a LSFM microscope performance when introducing
a Plossl lens in the detection path of the microscope [146]. Plossl lenses are made by

placing two achromatic doublets symmetrically around a small air gap as shown in
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Figure 4.23: Axial resolutions of the light-sheet fluorescence microscopy at different
depths with the second arm light-sheet illumination imaging 90 nm fluorescent nan-
odiamonds. a) c¢), and d) Axial resolution for region A captured through a 300 pm
(at depths of 45, 150, and 255 pm), 600 pm (at depths of 90, 300, and 510 um), and
900 pum (at depths of 135, 450, and 765 pum) scans respectively. b), d), and f) Axial
resolution for region B captured through a 300 pm (at depths of 45, 150, and 255 pm),
600 pm (at depths of 90, 300, and 510 um), and 900 pum (at depths of 135, 450, and
765 pm) scans respectively..

Figure 4.28 [148].
The overall focal length of the Plossl tube lens is the half of the focal length of each

of the doublets. Since we wanted to check if there was any improvement in the imaging
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Figure 4.24: Lateral resolutions of the light-sheet fluorescent microscopy at different
depths with the second arm light-sheet illumination imaging 90 nm fluorescent nanodi-
amonds. a) Lateral resolution of region A for a 300, 600 and 900 ym scan. b) Lateral
resolution of region B for a 300, 600 and 900 pm scan.

with the use of a Plossl lens, we constructed a 90mm effective focal length Plossl lens
from two 180mm lenses that were available to us. The difference in effective focal length
(90mm versus the original design’s 80mm) was not expected to be important.

To investigate whether the Plossl eyepiece corrects for the distortion observed at
edge of the FOV, a grid calibration sample was used. The examination of the effect
of the Plossl eyepiece was based on moving a straight line (formed at the edge of the
square grid) across the y-axis of the FOV; therefore, a distortion at the edge of the
FOV would be observed, if present. Assuming the bottom edge of the FOV is pixel 0,
the sample is moved from 0 to 1250 in steps of 250 pixels, with pixel 1250 being at the
top of the FOV. Figure 4.29 shows the field curvature measurement strategy. The top
of the microscope’s FOV is shown (pixel 1250) with a Plossl lens focusing the image on
the camera (Figure 4.29a) and with a single lens focusing on the camera (Figure 4.29b).
To measure the effect of field curvature a two parallel lines were drawn. One line passes
through points A and B (see Figure 4.29), which represent the square grid at the edge
of the FOV. The second line passes through point C so that there is only one point of
intersection. The distance between the two lines, and thus the effect of field curvature,
is shown in Figure 4.30. To identify points A, B, and C the linear profile plot was used
in ImageJ. By selecting the live data option on the profile plot and moving the line

manually, the points of intersection of the line with the square grids were found. Points
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Figure 4.25: Division of the FOV in seven regions of interest to investigate the light-
sheet thickness along the entire field of view.
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Figure 4.26: a) Reference illumination arm and b) second illumination arm light-sheet
thickness along the entire field of view of the light-sheet fluorescent microscope.
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Figure 4.27: Dual illumination image acquisition using the light-sheet fluorescent mi-
croscope. Images in white refer to the images obtained when the light-sheet from path
1 is used for illumination, while green images represent images obtained with illumina-
tion from path 2.

A, B and C, were identified empirically, which would introduce an uncertainty in the
measurement.

As shown, the Plossl lens does not reduce the effect of field curvature, but it adds
barrel distortion. Therefore, it is believed that the camera blockage cause the observed
imaging distortion. This requires further investigation to be clearly shown, however the
impact on field of view alone makes investigation of how to remove the camera-mount

induced vignetting an important future work.
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Figure 4.28: Design of Plossl eyepiece. Two achromatic doublets are placed symmet-
rically with a small gap between them. The light is travelling from left to right. The
figure was extracted using the work of M. Laikin [149].

a) b)

Figure 4.29: a) Plossl lens focusing the image on the camera with the square grid at
1250 pm. b) Single lens focusing the image on the camera with the square grid at
1250 pm. The red and blue lines are used for representation of the field curvature
measurement strategy and they were not used for the extraction of the data plotted in
Figure 4.30

4.3.2 C. elegans Imaging
Volumetric imaging

Volumetric images were obtained by scanning through the sample from 0 to 300 pm
in the z-direction, with 0 being the plane closer to the detection objective and 300 um
being the furthest away from the detection objective. The scanning step size was 3 pum.

In Figure 4.31 the in-focus image of a C. elegans, strain-xel995 mounted in a cu-
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Figure 4.30: Comparison of a single lens and Plossl lens imaging along the field of view
imaged using the detection path of the light-sheet fluorescent microscope.

vette, is shown. The worm is 434 pm long with a maximum diameter of 19 ym. The
LuckyProfile ImageJ plugin was used to determine the imaged cells’ size. The region
from the pharynx to the head was investigated and it was found that the lateral reso-
lution was 3.5 ym. According to the worm’s size, this is an L2 to L3 larvae. According
to the CGC [139], in the xe1995 strain mCherry, is expressed in the neurons of the C.
elegans. Comparing C. elegans images from the literature, with those from my LSFM
(Fig 4.31), anatomical features of the imaged C. Elegans were identified. It is shown
that the head of the worm is at the top of Figure 4.31. The pharynx, the terminal bulb
of the pharynx and the intestine can be identified. The brightest area on the worm is
assumed to be the nerve ring since the largest collection of neurons is around the nerve
ring and it is anatomically close to that bright spot [37] [13,150-152].

Investigating the volumetric imaging capabilities of the LSFM microscope, it was
found that the cuvette sample results in distorted 3D imaging. This is because the
image is obtained through non-transparent agar and the worm is imaged at a depth of
2 mm, with 0 being the edge of the cuvette closer to the detection objective [153,154].
Although 1% agar in water is non-scattering, in this case, the agar contains Lysogeny
broth (LB) and E. Coli, which results in scattering [155].

To reduce scattering, a C. elegans on coverslip was imaged. A C. elegans, strain
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Figure 4.31: Focal plane of C. elegans, strain xe1995, in agar imaged with the custom
made light-sheet fluorescent microscope. The arrows point to the head, pharynx, ter-
minal bulb, intestine and nerve ring of the worm.

xe1995, mounted on a coverslip and sealed after 10 ul of water was dropped on the
sample is shown in Figure 4.32. Two worms are observed, a large one which is 848
pm long worm with a diameter of 58 ym and a smaller one with a length of 450 pm
and a diameter of 15 pym. A young adult and an L2 to L3 worms were imaged. It is
also found that cells of approximately 6 ym can be imaged (using Luckyproflier imageJ
plug-in). Comparing the imaged C.elegans to the anatomy of the worm described in
Figure 1.2 and imaged C. elegans in the literature, it can be assumed that the head
and the nerve ring for both worms are spotted. Embryos might be imaged in the young

adults. Embryos are considered to be imaged, since the shapes spotted, and assumed
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Figure 4.32: C. Elegans, strain xel995, imaged on a coverslip with water using the
light-sheet fluorescent microscope. A young adult and an L2/L3 larvae are shown. The
head and the nerve ring are shown with blue arrows. Embryos in the young adult are
imaged and shown within the red square.

to be embryos, fit the location and shape of embryos in adult worms. Additionally,
a significant amount of agar is observed around the worms. As found in the cuvette
sample imaging, agar with Lysogeny Broth (LB) and E. Coli, results in scattering. This
comes from the ”chunk” worm transfer method. The effect of scattering is significantly
reduced compared to imaging through a cuvette filled with agar; however, there is still
scattering observed. The effect of the light’s interaction with the water-agar (with
LB broth and E. Coli) is shown in Figure 4.32, where the bright elongated region to
the left of the nematode is the boundary between water and agar formed either by
the reflection of the excited fluorescence between water and agar or the reflection of
fluorescence between water and the coverglass.

A C. elegans sample where the worm is on the top of the coverglass and sealed with a

coverslip after a drop of immersion oil is dropped on top of the sample was prepared. A
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Figure 4.33: Optical section of a 1x1960 strain C.elegans imaged on a coverslip with
immersion oil using the light-sheet fluorescent microscope. The Figure was cropped so
that only the nematode under investigation is shown.

single worm has been transferred on the coverslip using two needles. Figure 4.33 shows
a C. elegans, strain LX1960. The length of the worm is 1142 um and its diameter is
60 pm. Agar is not observed around the worm and a clearer 3D image was achieved

(shown in Figure 4.34).
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Figure 4.34: Volumetric imaging of 1x1960 strain C.elegans on a coverslip with a drop
of immersion oil using the light-sheet fluorecent microscope. Grid size in x-direction is
145 pm, in the y-direction 160 gm and in the z-direction 65 pm.

Freely moving samples

A C. elegans sample was made by placing worms on a coverglass, dropping 50 pul of
immersion oil on top of the worms. A coverslip is placed on top of the worms and
oil and sealing it with nail varnish and parafirm. Moving C. elegans were identified

within the sample after a 300 pm scan, in steps of 3 ym was made. Figure 4.35 shows a
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series of images captures at an 100ms interval and 3 pm z-direction scans (z-direction
is parallel to the detection objective). Three worms are observed; worm 1 is 243 um
long and its diameter is 15 um, shown with the red arrow. Worm 2 is 678 um long and
its diameter is 59 pum, shown with the blue arrow, and worm 3 is 164 pum long and its
diameter is 13 pym, shown with a yellow arrow. Cells of sizes 4 ym to 5 pm are observed
in all 3 worms. Among the Figures 4.35 a) to j) movement of C. elegans is observed,

shown in the zoomed images ai) to ji).

4.4 Summary and Discussion

In this Chapter I present the LSFM microscope I constructed along with the SLM
calibration, its characterisation, and imaging capabilities. SLMs were used for laser
scanning and refocusing in microscopy [95,156]. In my study, a SLM was used for
laser scanning and modulation, and it is shown that it can achieve an accurate LS
scanning. The SLM calibration procedure followed was the one suggested by the SLM
supplier [132,133].

The FOV of the LSFM was measured to be 1.6 mm. Due to the difference between
the measured FOV and the modelled FOV (2 mm) further investigation of the detection
path was conducted. The LSFM detection path was modelled using Raytracing [25]
and it was found that vignetting occurs at the c-mount of the camera. To ensure that
vignetting was causing the reduction of the FOV, the aperture that simulates the c-
mount of the camera in Raytracing was removed. The resulted simulation showed that
a 2 mm FOV would have been achieved without the vignetting. This finding agrees with
the literature, since reduction of FOV due to vignetting was previously reported [157].

The lateral and axial resolution of the LSFM were measured through the volumetric
imaging of 90 nm NDs. Three volumetric scans were conducted at different scanning
ranges were made, a 300 pm, a 600 um, and a 900 pum, with a scanning step size of
3 pm, and a single LS illumination. Spherical aberration was observed in all three
scans. Less aberrations are observed in the centre of the FOV and, while aberrations

increase at the edge of the FOV. Similar aberrations were observed in the work of Y.
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Figure 4.35: Freely moving xel1995 C. elegans imaging on a coverslip with immersion
oil. Time duration of imaging sequence from the image a) to j) is 1 second. ai) to ji)
is the same imaging sequence zoomed in on the moving C. elegans (red arrow). Time
points = 100ms.
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Liu et.al [158], where a volume of 499 x 499 x 192 um? of 200 nm fluorescent beads was
imaged. However, the aberrations in that study were caused by an electrically tunable
lens (ETL) in the detection path. In the work of Y. Liu et.al the ETL was used to
increase the imaging speed of a LSFM by eliminating the scanning of the detection
objective. The ETL causes aberrations, mainly spherical aberration, in large volumes
as the focusing is deviated from the working distance of the detection objective [86].
An attempt to correct the aberrations involved the replacement of the TL with a Plossl
lens; however, no improvements were achieved. Field curvature was observed within
the data (barrel distortion) [29], probably being caused by the tube lens [86]. AO in
the detection path of the LSFM would be capable of aberration and field curvature
correction as shown in the work of Y. Liu et.al [158].

To measure the lateral and axial resolutions of the LSFM microscope, the FOV was
divided into two regions, region A and region B (Figure 4.20). Region A represents
the outer FOV, with increased aberrations, while region B represents the centre of
the FOV and has a diameter of 1 mm. Since the imaging was conducted with a
single illumination LS, the diameter of the region B was chosen to be equal to the
effective FOV of a single LS. Lateral and axial resolutions were measured for both the
illumination arms in 300 pym, 600 pym and 900 pm scans. The measured resolutions for
all scans in different depths are shown in Table 7?7 and Table ?? for the reference and
the second illumination arms respectively. The averaged lateral and axial resolutions,
at the two regions, for both illumination arm are summarised in Table 4.1. As observed,
there was a significant difference between regions A and B, for both lateral and axial
resolutions, while imaging depth had less impact on both resolutions. Lateral and axial
resolutions improvement varied from 16% to 31% comparing A to B. The resolution
improvements were expected since region B is the effective FOV of the LS and there is
much less aberrations in region B compared to region A. Scanning depth had a change
in axial and lateral resolutions between 0% and 8%, with an exception of the lateral
resolution of the 300 pm scan of the reference LS.

The lateral resolution of the reference path, in region B, varied from 4.33 ym to 5.38

pm and the lateral resolution of the second path in region B varied from 4.36 ym to
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Reference Light-sheet
Region A Region B
Scan | Lateral res. (um) | Axial res. (um) | Lateral res. (um) | Axial res. (um)
300pm 7.83+0.12 25.9440.95 5.38£0.2 21.04+0.86
600pm 6.0+£0.19 28.13+0.86 4.71+0.11 21.81£0.52
900um 6.0+0.14 26.19£0.53 4.33£0.12 22.31£0.52
Second Light-sheet
Region Region B
scan | Lateral res. (um) | Axial res. (um) | Lateral res. (um) | Axial res. (um)
300pum 5.6£0.12 30£0.63 4.36+£0.1 22.31£0.7
600pm 5.38+0.12 29.18+0.65 4.49+0.14 22.3£0.5
900pm 5.8+0.13 30.13£0.45 4.6£0.2 20.75+£0.5

Table 4.1: Summary of the axial and lateral resolutions of the light-sheet fluorescent
microscope for 300 (um), 600 (pm), and 900 (pum) scans for both illumination arms

4.6 pym. The mathematically calculated lateral resolution that the detection objective
can image is 2.12 ym. The difference between the theoretical value and the measured
value could be because of the spherical aberration and field curvature in the detection
path.

The axial resolution of the LSFM microscope was determined by the thickness of
the LS (see Chapter 3). In region B the axial resolution varies from 20.75 pym to 22.32
pm, which is expected since the LSFM was designed to have an axial resolution of 21
pm at the edge of its effective FOV. This is the maximum thickness of the LS that is
used for imaging and it is equal to 2v/2wgy. The thinnest part of the light sheet that is
equal to 2wp; therefore, the thinnest part of the light sheet is equal to 21um/ V2=14.8
pm. This explains the axial resolutions measured to be below 21 pym shown in Tables
77 77,

To directly measure the thickness of the LS, a stationary LS was illuminating a ND
cuvette sample. An imaging stack was obtained by scanning the detection objective.
The axial resolution measured along the illumination direction would give the thickness
of the light-sheet. The results are shown in Tables 77 ?7. As shown, the measured
thickness of the LS is significantly above the theoretical value, but the LS focuses at
the centre of the FOV (minimum LS thickness measured at the centre of the FOV).

Since we know that the LS thickness is close to 21 ym, as measured at characterisation
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of the LSFM, the LS thickness measurements were conducted on an out of focus LS.
The thickness minimised in the centre of the FOV because of the aberrations in region
A.

The biological specimen imaging capabilities of the LSFM were examined by imag-
ing freely moving C. elegans. Comparing the obtained images to the literature, anatom-
ical features such as the head, pharynx, intestine, nerve ring, and embryos were iden-
tified [37,150-152,159, 160]. Three nematode samples were tested. Initially, a block of
LB broth with agar cultured with E. Coli and C. elegans was positioned in a cuvette.
An in focus nematode was imaged; however 3D data could not be extracted due to
aberrations. A second sample was made with a small block of LB broth with agar
cultured with E. Coli and as few as possible C. elegans was placed on a slide along
with a drop of water and sealed with a coverglass. Water was used to ensure that there
is no air gap between the slide and the coverglass and to protect the specimen [161]. 3D
reconstruction is challenging with this sample, because fluorescence is reflected either
on the water/agar or the water/coverglass boundary causing imaging distortions. To
investigate the effect of the water to coverglass reflection, a nematode sample in a cov-
erslip with a drop of immersion oil was prepared. Immersion oil matches the refractive
index of glass, therefore reflections between immersion oil and glass are minimised. The

resulted imaging presented a volumetric imaging of C. Elegans without aberrations.
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Optically Detected Magnetic

Resonance

Chapters 3 and 4 demonstrate a LSFM that can excite fluorescent nanodiamonds, either
mounted on a coverslip or in a cuvette, and then detect fluorescence photons. A RF
system that can output high frequency microwave signal is required to control the NV
spin state and thus record ODMR spectrum measurements.

In this chapter I present the Radio Frequency (RF) system that was implemented
on my LSFM microscope to obtain CW ODMR, spectrum measurements in both wide-
field and LSFM imaging. The effect of a magnetic field and the RF signal power on
the CW ODMR spectrum were examined.

5.1 Optically Detected Magnetic Resonance System Setup

In general the CW ODMR measurement setup consists of microwave generation and
delivery and optical subsystems. The RF setup used in our group consists of a sweeping
frequency RF signal generator (R&S SMB 100A), which generates the RF signal that
was swept around the axial zero-field splitting parameter (equal to 2.87 GHz). A second
RF signal generator (AARONIA AG) was used as the reference for the acquisition
scheme described in section 5.1. To deliver the required RF signal power a 40dB
amplifier was used (Microwave Amps AM64-2.7-3.1-40-40) and to prevent reflections
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from returning to the amplifier a circulator (PE83CR1004) and an attenuator were
introduced into the RF sub-system. The switching between the two signal generators
was achieved with an RF switch (ZASWA-2-50DR+) [12,97].

The diagram of the ODMR setup is shown at Figure 5.1. The imaging system was
the detection path of the LSFM described in Chapter 3; however, ODMR, spectrum
measurements could not be extracted using the Prime BSI camera (the camera which
was used for whole organism and FND imaging). Therefore, the Prime BSI camera
was replaced with a Thorlabs CS235MU (the troubleshooting of Prime BSI camera is
presented in Appendix B). To achieve wide-field CW ODMR a 5 mW laser was used
to illuminate the sample from underneath while for the CW LSFM ODMR, LSFM
illumination was used (50 mW). Both the sweeping frequency signal generator and the
reference RF generator were connected to the RF switch. The RF switch output was
connected to the input of the amplifier and the RF output of the amplifier was connected
to the circulator. Both the RF attenuator and the FND sample were connected at the
circulator in such a way that the sample sees the amplified signal generated and the
attenuator receives any signal that passes through the circulator. Last, the sample
was terminated with a 50 Ohm terminator to ensure impedance matching and thus
maximise the signal power. An DAQ (National Instruments) was used to synchronise
the ODMR data extraction [12].

Detection

Sweeping frequency Objective
Signal generator

; Circulator
RF Switch e Amplifier

Sample

Reference
Signal generator T’

e

Attenuator

Figure 5.1: Optically detected magnetic resonance setup for wide-field and light-sheet
fluorescence microscopy optically detected magnetic resonance measurements.
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The FND sample for wide-field ODMR and LSFM ODMR are shown in Figures 5.2
and 5.4 respectively. A custom made 3D printing mount was made in both cases to
ensure that the sample can be mounted on the LSFM microscope stage. The optical
schematic of the wide-field ODMR and the LSFM ODMR are shown in Figure 5.3 and
Figure 5.5 respectively.

RF input

connector
ND sample

3 .
M. terminal
‘jl\"”u’mm

b 2 —_—
LY

&

Thin wire

Figure 5.2: Wide-field Optically detected magnetic resonance sample. The nanodia-
mond sample is in the middle of the round coverslip enclosed with with nail varnish.
A thin wire crosses the sample to deliver the RF signal to the nanodiamond sample.

In both the wide-field and LSFM ODMR a custom made PCB was used to transfer
the RF signal to the nanodiamonds through a thin copper wire [12]. The only difference
between the two is that the PCB for the LSFM ODMR is cut in half to be able to
illuminate the sample with the light sheet. The sample preparation process is presented

Appendix C.

5.2 ODMR Spectrum Measurement Technique

CW ODMR spectrum measurement starts with continuous optical and microwave ex-
citation of a FND sample. The CW ODMR spectrum is recorded by capturing the

optical emission, in respect to the swept microwave frequency, with a sSCMOS camera.
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Figure 5.3: Schematic of the wide-field optically detected magnetic resonance sample
at the imaging plane of the light-sheet fluorescent microscope. A 532 nm 5 mW laser
focused on the sample, through a 50 mm lens, illuminates the nanodiamond sample.
The imaging path is the same as the detection path of the light-sheet fluorescent mi-
croscope described in Chapter 4. A 600 nm long pass filter is used in the imaging path.

Each image captured by the sCMOS camera is correlated to a single microwave fre-
quency. An initial ODMR spectrum can be obtained by plotting the intensity (either of
the entire FOV, a specific ROI, or a single FND) vs microwave frequency. Fluorescent
dips in the optical intensity are indications of reaching spin resonances [116].

Microwave frequency change was achieved through the sweeping frequency capa-
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Figure 5.4: Light-sheet fluorescent microscopy optically detected magnetic resonance
sample. The same PCB used in the wide-field optically detected magnetic resonance
is cut in half to set the nanodiamonds at a 45 degrees angle, required for light-sheet
fluorescent microscopy illumination

bilities of the microwave source. A minimum and maximum frequency were selected
as well as the scanning step size. As mention in Section 2.8.2; frequencies of inter-
est were around 2.87 GHz; therefore the initial ODMR spectrum measurements were
conducted with minimum and maximum frequencies of 2.75 GHz and 2.95 GHz respec-
tively. The minimum and maximum frequencies were selected empirically (experienced
with ODMR spectrum measurements within our research group) to ensure that the
fluorescent dips were captured. To scan the 200 MHz window a step size of 0.8 MHz
was initially selected. Since we were aware of the sample, we knew that we are over-
sampling, but we wanted to test the quality of the measured ODMR spectrum. In
biosensing applications, we would expect to change the parameters of the acquisition
according to the requirements of the specific experiment, such as speed of measurement

or the size of the expected change in the ODMR spectrum.
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Figure 5.5: Schematic of the light-sheet fluorescent microscopy optically detected mag-
netic resonance sample at the imaging plane of the light-sheet fluorescent microscope.
The light-sheet fluorescent microscope’s illumination path is used for the light-sheet
illumination of the optically detected magnetic resonance sample. The imaging path
is the same as the detection path of the light-sheet fluorescent microscope described in
Chapter 4. A 600nm long-pass filter is used in the imaging path.

To improve the SNR the “N P” averaging strategy was adopted [116]. Let P be
the number of frequency points measured (for example, a minimum frequency of 2.75
GHz, a maximum frequency of 2.95 GHz, and a step size of 2 MHz result in P=101)
and N and then N is the number of repetitions of each frequency before moving to the
next frequency. An image was captured for each repetition. Each microwave signal
was repeated N times before moving the the next signal. This process was repeated
P times. Alternatively, a “P N” averaging strategy could be used, where an entire
scan of P frequencies is conducted with an imaged being captures for each microwave
frequency, and then this process is repeated N times. The “P N” method requires a
high time resolution to dynamically resolve pulses, thus making it challenging to be

used with a camera. The typical camera frame rate does not allow the isolation of
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signals from each pulse [116]. Initially, an ODMR spectrum was recorded with N=50.

Further improvements of the ODMR, spectrum measurement were achieved by ap-
plying a referencing protocol, developed within our group. The ODMR spectrum mea-
surement using the referencing protocol corrects for variations, such as ohmic heating
and sample drifting, occurring between each measurement [162]. The referencing proto-
col states that for every image capture at a given microwave frequency a second reference
image will be captured at a fixed microwave frequency known to be off-resonant with
the NV centre. We typically also choose it to be out of the frequency band being swept
in the ODMR spectrum. The reference microwave frequency was selected to be 2.75
GHz. The collected ODMR spectrum measurement was then divided by the reference
data resulting in the normalised ODMR spectrum . The work of R. Corbyn shows the
improvement of the referencing protocol [12].

The ODMR data synchronisation strategy started with a Transistor-Transistor-
Logic (TTL) pulse, from our DAQ card, triggering the sweeping frequency microwave
signal generator. Image acquisition begins with a second TTL pulse, on a different
DAQ channel, triggering the camera. Once the first ODMR image is obtained a camera
trigger output confirmed that the camera is ready for the next image. A third TTL
output channel controls the RF switch used to select whether the sample is seeing the
reference or sweeping microwave signal generator. Another image is acquired with the
switch on this alternate setting - this allows us to take successive, alternating reference
and signal images. This process was repeated until the ODMR spectrum data was
obtained. Initial examination of ODMR recording was conducted in post-processing
using ImageJ. The ImageJ data processing sequence is shown in Table 5.1. The ODMR
spectra presented in this Chapter were the output of an ODMR processing python code
developed within the research group where a Lorentzian function fit was applied on the
ODMR spectrum measurements.

The final ODMR spectrum data consisted of P (number of frequency scans) X
N (number of repetitions) x two (referencing) images. The size of the single frame
imaged through wide-field ODMR spectrum measurement was 720 kb, while for the
LSFM ODMR spectrum measurement, the frame size was 440 kb. A wide-field ODMR
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Step | Action

1 Upload dataset to Imagej

2 Deinterleave to split the reference from the sweeping frequency

3 Normalise the data to 1 by dividing the reference to the sweeping
frequency data

4 Average the number of repeats for each measurement

5 Data visualisation by z-axis profile

Table 5.1: ODMR data processing protocol using ImageJ

spectrum dataset size of 100 sweeping frequencies and 10 repetitions would be 1.44
Gb. The temporal resolution of the ODMR spectrum measurement is equal to the
frame time X P x N x two. The Thorlabs CS235MU sCMOS offers a frame time of
25 ms; therefore, an ODMR spectrum measurement, with the characteristics described
above, is recorded in 50s. The selection of repetitions N and the step size should be
carefully selected to minimise the data size and improve ODMR spectrum measurement
temporal resolution. The ODMR spectrum acquisition time (calculated to be 50s for the
initial ODMR spectrum measurement) can be significantly improved with an ODMR
measurement system optimisation. The aim of the initial ODMR spectrum recording
was to extract the highest quality data; therefore oversampling and multiple averages

were used.

5.3 Methodology

The general CW ODMR spectrum measurement procedure started with the positioning
of the sample at the focal plane of the LSFM detection objective. The sample was

adjusted to ensure the collection of maximum emission from the NV centres.

5.3.1 Wide-field ODMR

Wide-field ODMR spectrum measurements were recorded with the illumination of a
FND sample prepared for ODMR measurements (Figure 5.2) with a 5 mW laser focused
on the sample. ODMR recordings were extracted from the entire FOV, 471 umx416
pm, from two 100 pmx 100 pm regions of interest and from a single FND cluster (Figure

5.6). The axial zero-field splitting parameter, equal to 2.87 GHz, should be included
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within the scanning range to observe a fluorescence dip. The sweeping frequency and
reference signal power is 6 dBm. The results of these scans are presented in Section

5.4.1

5.3.2 Effect of RF Signal Power in Wide-field ODMR

Here I investigated the effect of the RF signal power on the wide-field ODMR spectrum
recordings. Wide field ODMR spectrum measurements were recorded with a continuous
illumination of the FND sample and a microwave frequency sweeping, starting from
2.81 GHz and ending at 2.93 GHz. The scanning step was 10 MHz. For each scanning
frequency and reference frequency, 100 images were captured, i.e. repetitions N equals
to 100.

The entire FOV was used to extract ODMR recordings and the scanning step is
larger compared to the wide-field ODMR reported in Section 5.3.1 because here I was
interested only in the amplitude of the fluorescent dip. Since a relevantly large step
size was selected, the number of repeats N was chosen to be 100 to improve the ODMR
spectrum measurement without sacrificing temporal resolution, compared to the wide-
field ODMR experiment.

The effect of the RF signal power on the ODMR fluorescent dip was examined
by conducting ODMR measurements while reducing the signal power by 5 dBm for
each measurement. The maximum signal power used for ODMR detection was 6 dBm.
ODMR was no longer detectable for a signal power of -44 dBm. The results are shown

in Section 5.4.2

5.3.3 LSFM ODMR

LSFM ODMR spectrum measurement was achieved by the continuous LS illumination
of a FND sample (shown in Figure 5.4) with a 50 mW laser at a wavelength of 532
nm. The LS illumination of the FND sample is shown in Figure 5.9a) where a FOV of
1200 x 200 pm was illuminated. ODMR measurements were extracted from the entire
FOV, three 200 x 200 pum regions of interests (top, middle and bottom of the FOV - see

Figure 5.9a) and from a single FND cluster. The sweeping frequency scan started from

119



Chapter 5. Optically Detected Magnetic Resonance

2.78 GHz and ended at 2.93 GHz, with a scanning step size of 5 MHz, and 100 point
repeats. The maximum, minimum microwave frequencies, and step size were chosen to
create a smaller scanning window with a larger step size, compared to the wide-field
ODMR experiment, since we were aware of the sample and knew that ODMR spectrum
would be captured within this range at a step size of 5 MHz. A relatively high number
of repeats was selected to obtain a good SNR. Both the reference and the sweeping

frequency powers were 6 dBm. The results are shown in Section 5.4.3

5.3.4 Effect of Magnetic field in LSFM ODMR

To investigate whether NV properties can be detected through LSFM ODMR, the effect
of a magnetic field on the ODMR spectra was examined. A magnet was placed 50 mm
away from the FND LSFM ODMR sample and moved closer to the sample in steps of
5 mm. Since we were looking to see if we could observe the expected Zeeman splitting
of the ODMR peaks and did not yet want to measure the absolute field strength, we
did not use a calibrated magnet, but a small, high field one obtained from an online
retailer. An ODMR measurement was recorded for each step. The sweeping frequency
scan started at 2.7 GHz and ended at 3 GHz, with a scanning step of 5MHz. For each
frequency change 20 images were captured. A larger range of frequency was covered to
ensure that the fluorescent dip will be captured when a high magnetic field is applied.

The experimental methodology is shown in Figure 5.10a) and the obtained ODMR
spectra for a distance between the magnet and the sample of 50 mm, 20 mm and 5
mm is shown in Figure 5.10 b), ¢) and d). The results of this experiment are shown in

Section 5.4.4.

5.3.5 Effect of RF Signal Power in LSFM ODMR

To investigate the effect of the RF signal power on the LSFM ODMR, the signal power
has been set to 6 dBm (which is the maximum power our system can deliver to the
sample). The signal power is reduced in steps of 5 dBm and an ODMR measurement
was recorded for every signal power reduction. The scanning range of the sweeping

frequency was 2.8 GHz to 2.93 GHz at a scanning step of 10 MHz and a point repetition
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equal to 100. The minimum and maximum microwave frequencies, and scan size were
selected to be the same as the investigation of the effect of RF signal power in wide-
field ODMR, since we knew that these parameters would result in an observable ODMR

spectrum. The results of this experiment are shown in Section 5.4.5.

5.4 Results

Due to the delays occurred from the troubleshooting of the Prime BSI camera, the
results presented in this Section were obtained the last week of my laboratory access. 1
emphasised my work on presenting working principles; further investigation would lead
to the examination of the effect of SNR to the ODMR, spectrum contrast, the exam-
ination of magnetometry sensitivity, the effect of temperature on the ODMR spectra,

and the volumetric LSFM ODMR spectrum measurement.

5.4.1 Wide-field ODMR

The ODMR spectrum fluorescent dip recorded at my measurements was significantly
less than previously reported ODMR measurements. This could be because of the laser
power used for illumination [163], the microwave power, or the background noise [164].
I used a 5 mW laser which was focused on a 471 pumx416 pm FOV and a fluorescent
dip of 0.985 was recorded on an FND cluster (Figure 5.6 e). For comparison, when
looking in the literature, ODMR fluorescent dip of 0.92 was recorded with a 40 mW
laser focused on a single crystal [165]. As described in Section 2.9, as the sample il-
lumination laser’s power increases, the contrast of the ODMR spectrum will improve;
however, further increase of the power will have a negative effect on the contrast of the
ODMR spectrum. On the other hand, as the microwave power increases, the ODMR
spectrum contrast will improve and at a given microwave power it will saturate. To
maximise the contrast from a laser and microwave power approach, further investiga-
tion is required. As shown in the work of Y. Nishimura et al [164], the background
noise reduces the contrast of the ODMR spectrum. Sources of background noise in

my ODMR spectrum measurement configuration could be non-fluorescent background,
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low fluorescent contrast, or the sample preparation protocol. Further investigation is
required to achieve system optimisation. Even if the magnitude of the fluorescent dip,
observed in the ODMR spectrum, is smaller than expected, a good signal to noise ratio
on the curves was obtained; therefore, there’s optimism that good sensitivity on sensing
applications will still be possible.

The ODMR spectrum of different regions within the FOV are shown in Figure 5.6.
The fluorescence signal is shown in respect to the applied RF frequency on the FND
sample [165]. When sensing within a millimetric FOV with multiple NV centres the
sensitivity of the ODMR measurement is decreased because of the averaging of signals
received from many NVs with different orientations [97]. Consequently, the ODMR
spectrum extracted from a single cluster presents two distinct fluorescence dips while
the entire FOV and region of interests ODMR, spectrum presents one. Since there is
no external magnetic field, the two fluorescent dips are a result of the strain splitting.

Investigating the time required to obtain wide-field ODMR, compared to confocal
point scanning ODMR, it was found that the frame time of a single acquisition of a
single frequency of a confocal CW ODMR spectrum measurement was 10ms [12], where
information from a single FND was extracted. My system presents a frame time of 220
ms for a single acquisition of a single frequency; however, the difference between the
confocal point scanning ODRM and wide-field ODMR, which makes wide-field ODMR
“faster”, is that ODMR measurements of hundreds of FNDs or clusters of FNDs are
recorded simultaneously [166]. A frame time of 25 ms could be achieved with my ODMR
spectrum measurement setup; however, hardware synchronisation problems lead to a

100ms delay before, and 100 ms delay after an image capture.

5.4.2 Effect of RF Signal Power in Wide-field ODMR

The fluorescent dip amplitude recorded in ODMR spectra measurements with respect to
the sweeping frequency signal power is shown in Figure 5.7. The reference signal power
remains at 6 dBm through the experiment. As observed, the reduction of the signal
power has a dramatic effect on the ODMR amplitude. The RF signal passes through a

thin wire, placed close to the region of interest, and achieves spin manipulation [105];
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Figure 5.6: Wide-field optically detected magnetic resonance data. The red marks rep-
resent the fluorescence measurement and the continuous line represents the Lorentzian
fit. Contrast is defined as the magnitude of the dip in the measured fluorescence. a)
The sequence of optically detected magnetic resonance recording FND images for dif-
ferent applied RF signals. Regions where optically detected magnetic resonance data
are extracted are shown. b) Entire field of view optically detected magnetic resonance.
Contrast = 0.009 and R? = 0.99. c) optically detected magnetic resonance extracted
from the blue region of interest. Contrast = 0.007 and R? = 0.91. d) optically detected
magnetic resonance extracted from the yellow region of interest. Contrast = 0.0069 and
R? = 0.94. e) optically detected magnetic resonance extracted from a single cluster of
nanodiamonds, red circle. Contrast = 0.012 and R? = 0.63.

therefore at a low enough signal power spin manipulation is not accomplished and

thus ODMR spectra cannot be detected. The recorded data, shown in Figure 5.7,
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are following a sine-wave or an s-shape form. Such a result is expected since a similar
response was recorded by H. Babashah et al [116] when the effect of the ODMR contrast
in respect the the MW signal power was investigated. Further investigation is required
to link the data form to either the data normalisation processing (due to the ODMR
referencing protocol applied) or to the way the hardware frequency sweeping is applied
since the performance of the RF hardware used in the ODMR spectrum measurement

setup is not linear.

e ] ) e =
%) 4. &h [ =]

Mormalised to 1 ODMR dip

)
o=

—40 30 20 -10 0

Sweeping Frequency RF signal power (dbm)
Figure 5.7: Effect of RF Sweeping frequency power on the wide-field optically detected
magnetic resonance spectrum recording. x-axis indicates the power of the RF signal
in dBm and the y-axis shows the normalised to one amplitude of the ODMR dip.

Blue dots represent the measured data and the orange line represents a linear fit with
R?=0.981.

The ODMR spectra recorded for 6 dBm and -14 dBm sweeping frequency signal
power are shown in Figure 5.8. As expected, a reduction in contrast was observed; how-
ever, more information information was extracted from Figure 5.6b. As shown, in the
ODMR spectrum obtained when the sweeping frequency RF signal power was reduced

the two peaks of the fluorescent dip are much more clearly resolved. Additionally, the
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peaks are steeper at -14dBm, resulting in a narrower linewidth, which increases the
sensitivity of CW ODMR measurement.

The sensitivity of ODMR spectrum depends on the contrast and the linewidth of
the fluorescent dip recorded [167]. As described in Section 2.9, the FND illumination
laser power and the microwave power have a major impact on contrast and fluorescent
dip linewidth. Typically, both contrast and linewidth should improve with higher
microwave power [167]; however, since laser power also affects the sensitivity of ODMR,
system optimisation including ODMR spectrum measurements with different settings

of microwave and laser power should be conducted.
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Figure 5.8: Wide-field optically detected magnetic resonance with different RF sweeping
frequency power. The red marks represent the measured data points and the continuous
line represents the Lorentzian fit. a) Entire field of view optically detected magnetic
resonance with maximum RF power (6 dBm). The contrast of the ODMR spectrum is
0.008 and R? = 0.99. b) Entire field of view optically detected magnetic resonance with
a power of (-14 dBm). The contrast of the ODMR spectrum is 0.0045 and R? = 0.99.

5.4.3 LSFM ODMR

Albeit the fact that the laser power is 10 times higher than the laser power used for the
wide-field ODMR (since the LS illumination is used to excite the sample, see Chapter
3.2), the contrast of the LSFM ODMR spectra was similar to the contrast of the wide-
field ODMR spectra. The large FOV of the LSFM ODMR, and the fact that the LS
extends over 6 mm (this is the beam thickness required to generated a LS with the
desired specifications - described in Section 3.1.1) are among the factors that were

limiting the illumination intensity and thus the amplitude of the fluorescence dip. As
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discussed in Section 5.4.1, the background noise has a major effect on the contrast of
the ODMR spectrum measurement.

Fluorescence dips extracted from the entire FOV, from single FND clusters and from
the edges and middle of the FOV are shown in Figure 5.9. LSFM ODMR has never been
reported before, and the fact that ODMR spectra can be recorded at such large FOV,
compared to current wide-field ODMR [105,106,166], as well as from various sub-regions
and single clusters, could pave the way to fast 3D in-vivo sensing of freely moving living
organisms and thus enabling the investigation of various biological processes. Further
investigation is required to optimise the LSFM ODMR spectrum measurement system.
The power of the laser and the microwaves should be adjusted to maximise contrast
and the background noise should be reduced.

Zeeman splitting can not be observed in any of the LSFM ODMR spectra. This
could be either because a larger step size was used (5 MHz) compared to the step
size used for the wide-field ODMR spectra measurements (0.8 MHz), or because the
ROI and single FND /or FND cluster were selected manually. The optimisation of the
LSFM ODMR spectrum should be followed by a series of experiments to determine the
optimal number of repeats and step size.

The LSFM ODMR spectrum showed a shift of the fluorescent dip to frequencies
lower that 2.87 GHz. This may be a result from the increase in the sample’s temper-
ature. Approximately, the same frequency shift was observed in the wide-field ODMR
spectrum. The entire wide-field ODMR data consisted of 2,500 images, while the LSFM
ODMR data consisted of 3,000 images; therefore the data acquisition time of the wide-
field ODMR data was 9 minutes and 10 seconds. The LSFM ODRM data acquisition
time was 11 minutes. Both 11 minutes and 9m10s of microwave and ohmic heating
resulted in a similar sample temperature. A series of ODMR measurements at con-
trolled temperatures would enable a temperature calibration of the system and thus

show whether this shift of the resonance frequency related to sample heating.
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Figure 5.9: Light sheet fluorescent microscopy optically detected magnetic resonance
recorded. The red marks represent the measured data points and the continuous line
represents the Lorentzian fit. a) The sequence of ODMR recording nanodiamond images
for different applied RF signals. Regions where optically detected magnetic resonance
spectra were extracted are shown. b) Entire light-sheet optically detected magnetic
resonance spectrum. Contrast = 0.01 and R? = 0.99. c) Top light-sheet region optically
detected magnetic resonance spectrum (yellow region of interest). Contrast = 0.008
and R? = 0.99. d) Middle light-sheet region optically detected magnetic resonance
spectrum (green region of interest). Contrast = 0.011 and R? = 0.99. e) bottom light-
sheet region optically detected magnetic resonance spectrum (blue region of interest).

Contrast=0.013 and R? = 0.99. f) Single nanodiamond cluster, red circle). Contrast
= 0.012 and R* = 0.98.
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5.4.4 Effect of Magnetic field on LSFM ODMR

The effect of the magnetic field in the LSFM ODMR spectrum was examined by moving
a magnet towards the FND sample. For each movement step an ODRM spectrum was
recorded. The range of movement was 50 mm to 5 mm away from the sample and the
magnet movement step size was 5 mm. The experiment showed that as the magnet was
moved closer to the sample the magnetic field increased. The ODMR spectra recorded
with the magnet being at the furthest away from the sample (50 mm) presents two
fluorescent dips. One dip was observed at 2.87 GHz and the second one at 2.883 GHz
(Figure 5.10b). In Figure 5.10c), where the magnetic field was stronger, one dip was
found at 2.861 GHz and the second dip was at 2.88 GHz. When the magnet was 5mm
away from the sample (Figure 5.10d), and the magnetic field applied to the sample was
further increased, the frequency between the two dips kept increasing. The fist dip was
at 2.845 GHz and the second one at 2.891 GHz. As observed, the frequency between
the two fluorescent dips increases as the magnetic field gets strong [165]. This was
expected, as described in Chapter 2 (shown in Figure 2.26). Therefore, my system can

detect magnetic fields; therefore, magnetometry could be achieved with LSFM ODMR.

5.4.5 Effect of RF Signal Power in LSFM ODMR

The amplitude of the LSFM ODMR fluorescence dip in respect to the sweeping fre-
quency signal power is shown in Figure 5.11. The pattern of the amplitude reduction in
LSFM ODMR follows the amplitude reduction of the wide-field ODMR; however, the
amplitude is 0 at -39 dBm (instead of -44 dBm for the wide-field ODMR). A higher drop
of fluorescence is observed in the LSFM ODMR spectra, compared to the wide-field
ODMR; however, further investigation is required to determined whether the reduc-
tion of contrast is related to the LS illumination or the sample preparation protocol
used. The LSFM ODRM contrast versus the sweeping frequency signal power present
a sinewave over the data similar to the one shown in the wide-field ODRM contrast
(Figure 5.8).

The effect of the microwave power on the linewidth of the ODMR spectrum fluo-

rescent dip was investigated by plotting the ODMR spectra for microwave powers of 1
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Figure 5.10: Effect of a magnetic field on the Light sheet fluorescent microscopy opti-
cally detected magnetic resonance measurements. The red marks represent the mea-
sured data points and the continuous line represents the Lorentzian fit. a) The exper-
imental methods for the examination of the effect of a magnet on optically detected
magnetic resonance recordings, b) Magnet at a distance of 50 mm away from the sam-
ple. The contrast of the ODMR spectrum is 0.011 and R? = 0.98. c¢) Magnet 20 mm
away from the sample. The contrast of the ODMR spectrum is 0.011 and R? = 0.97.

d) Magnet at 5 mm away from the sample. The contrast of the ODMR spectrum is
0.008 and R? = 0.94

dBm and -29dBm (Figure 5.12). The phenomenon observed in the investigation of the
effect of microwave power on ODMR spectrum sensitivity in wide-field ODMR is also
shown here. The reduction of microwave power results in the reduction of contrast, but
it creates a narrower linewidth. This confirms that a system should be optimised in

a way that both the microwave power and laser power are tuned to maximise ODMR

sensitivity.
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Figure 5.11: Effect of RF Sweeping frequency power on the light-sheet fluorescent
microscope optically detected magnetic resonance spectrum recording. x-axis indicates
the power of the RF signal in dBm and the y-axis shows the normalised magnitude of
the optically detected magnetic resonance dip. Blue dots represent the measured data,
and the orange continuous line is the linear fit, R? = 0.985

5.5 Summary and Discussion

A RF subsystem has been constructed to work in synchronisation with the LSFM
microscope and enables ODMR spectrum measurements. The RF subsystem consists
of two microwave generators, one for generating the sweeping frequency RF signal and
one for generating the reference signal. An RF switch is used to switch between the
two signals and an amplifier is used to amplify the signal that the FND sample sees.
The optical subsystem is the detection path of the LSFM microscope. The sample
preparation protocol presented in the work of R. Corbyn [12] was used and a custom
made LSFM sample holder was made to enable LS illumination.

ODMR spectrum recordings were demonstrated with both wide-field illumination
and LS illumination. An entire FOV ODMR as well as smaller RIO and single FND/FND

clusters ODMR were presented in both wide-field illumination and LS illumination. The
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Figure 5.12: Light sheet fluorescent microscopy optically detected magnetic resonance
with different RF sweeping frequency power. The red marks represent the measured
data points and the continuous line represents the Lorentzian fit. a) Entire field of
view optically detected magnetic resonance with RF power of 1 dBm. The contrast of
the ODMR spectrum is 0.01 and R? = 0.99. b) Entire field of view optically detected
magnetic resonance with a power of -29 dBm. The contrast of the ODMR spectrum is
0.017 and R? = 0.98.

effect of signal power, and magnetic field were examined, showing that LSFM ODMR
is possible and paving the way to fast 3D wide-field ODMR sensing. The effect of the
sample temperature was also observed in the wide-field and LSFM ODRM spectra.
Previous research shows that wide-field ODMR with LS illumination has been
achieved [18] with a frame time of 2.2 ms, a FOV of 0.5 mm? and a ”few micron”
spatial resolution. However, this is not a SPIM illumination and beam scanning is not
possible. My wide-field ODMR allows extraction of ODMR into a FOV up to 1.6 mm?,
with similar spatial resolution. A larger FOV translates into the extraction of ODMR
measurements from larger samples, leading to magnetic and temperature sensing in
larger specimens. The frame time the LSFM ODMR spectrum measurement system
can achieve is 25 ms; however due to hardware synchronisation issues the ODMR spec-
tra were extracted with a frame time of 220 ms. My LSFM ODMR microscope also
allows 3D ODMR measurements, achieved by scanning the LS at every completed
ODMR recording. Such 3D ODMR measurements would provide even more informa-
tion about the imaged specimen. Through the SLM modulation available on both the
illumination beams, the ODMR  illumination beam could be focused to the region of

interest, providing higher illumination intensity and thus improving the ODMR sensi-
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tivity. Four-point ODMR [164] could also improve the speed of ODMR data recording

and thus enable the sequential LSFM imaging and ODMR measurements.
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Conclusions

6.1 Summary

My work emphasised on the design, construction and operation of a LS fluorescent mi-
croscope that images freely moving organisms through a millimetric field of view with
cellular resolution. Fundamentals of microscopy were investigated and the trade-off
between the imaging FOV and resolution were stated. Confocal microscopy, spinning
disk confocal microscopy and LSFM were investigated to examine whether such a mi-
croscope can fulfill our requirements. LSFM proved to be the best candidate because
of the high imaging speed required to capture useful information from freely moving
organisms, the large FOV, and the low photodamage.

The geometry of LSFM allows it to be a very configurable microscope. A plethora
of LSFM designs have been presented in the past, each tailored to satisfy imaging
sample requirements. My design was based on a selective plane illumination microscope
(SPIM), where the LS is created when a laser beam passes through a cylindrical lens.
LS created by a cylindrical lens is more suitable for imaging optically transparent
samples, hence it is preferable for illumination C. elegans, a transparent roundworm. An
upright configuration with single detection and dual-illumination were selected. Dual-
illumination ensured a large FOV imaging while keeping the resolution at a cellular
level, while the upright configuration lets the C. elegans move freely.

A mathematical model of a dual illumination, single detection LSFM was made.
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The model was based on a 2 mm FOV and a 3 um lateral resolution and a 21 pum axial
resolution. Axial resolution in this case is defined by the thickness of the LS at the
first zero crossings (the maximum LS thickness that is used for image acquisition). The
output of the mathematical modelling was the NA of the illumination and detection
objectives and the magnification required to ensure the desired imaging specifications
The laser beam modulation and scanning was achieved through the refraction of the
beams of both illumination paths from a SLM. A SLM in the illumination path paves
the way to an adaptive LSFM, where Bessel, Airy and Lattice beams can be used for
illumination and the sample can be illuminated with the tiling method.

The characterisation of the constructed LSFM proved that synchronised laser scan-
ning can be achieved through SLM refraction. The LS scanning was synchronised with
the detection objective position to ensure that the two are in-focus. The LS thickness
was modelled to be 21 pm at the zero-crossing (the edge of the effective FOV); therefore,
the axial resolution of the LSFM was designed to be 21 um. The actual LS thickness
was measured by volumetric imaging of NDs with a stationary LS. Due to aberrations
at the edge of the FOV, the LS thickness could not be accurately measured. The axial
resolution of the LSFM was measured by volumetric imaging of NDs. The resulted ax-
ial resolution was approx. 21 pum at the centre of the FOV, showing that the modelled
axial resolution agrees with the actual axial resolution. The lateral resolution of the
detection objective (with lateral being in parallel to the imaging plane and axial being
perpendicular to the imaging plane) was modelled to be 2.12 um. The lateral resolu-
tions measured was approximately 4 ym at the centre of the FOV and approximately 6
pm at the edge of the FOV. This gap between the model and reality could be due to the
aberrations observed at the edge of the FOV, the depth of imaging (0 to 0.9 mm with 0
being the plane closer to the detection objective and 0.9 mm the further away from the
objective), and the fact that our sample was not completely transparent. Additionally,
volumetric imaging of C. Elegans was achieved by excitation of mCherry and imaging
of neurons. Anatomical features were identified (head, pharynx, intenstive, nerve ring,
and embryos).

An ODMR measurement system was incorporated to the LSFM microscope. Al-
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though a LS illumination wide-field ODMR has been reported [18], a millimetric FOV
LSFM ODMR has not been reported yet. The difference between my work and the
work in [18] is that I present a SPIM illumination that can do z-direction scanning,
while in [18] a LS geometry is used for illumination within a bulk diamond sample with-
out z-scanning capabilities. Both my work and [18] present similar spatial resolution
(few microns), while the temporal resolution presented in [18] is in the millisecond scale
(2.2 ms). My ODMR spectrum measurement setup can achieve a temporal resolution
of 25 ms; however, due to hardware synchronisation issued, a single frame time of 220
ms is presented. In my work ODMR measurements can be recorded from a maximum
FOV of 1.6mmx1.6mm (depending on the illumination area) in the wide-field mode
and 1.2 mmx0.2 mm in the LSFM mode. An LSFM ODMR means that 3D ODMR
measurements can be recorded and thus provide volumetric sensing. My results showed
that LSFM ODMR is possible and that the effect of a magnetic field can be recorded.
Additionally, the effect of of the sample’s temperature was observed in the ODRM
spectra. This could pave the way for in-vivo high imaging volume sensing, resulting in

new information about 3D magnetic sensing and thermometry.

6.2 Limitations

Restriction to laboratory access due to the measured against COVID 19 were a major
setback to my project. My PhD started in October 2018 and by March 2020, where
COVID measures were introduced, the microscope design was completed and all com-
ponents were ordered and positioned on the optical table. I had access to the lab at
the end of September 2020 for two days per week and got complete access to the lab
in March 2021. Additionally, my access to the lab was denied from January 2020 to
March 2020 and from October 2020 to January 2021 due to maintenance and laser
interlock installation. The absence from the lab had a direct impact to the progress of
my project since a major part of my project was laboratory based. This includes the
alignment of the microscope, the characterisation of the AO elements (SLM and DM),

the microscope, and the ODMR spectrum measurement setup. An additional setback
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due to COVID measures, was the organisation of the biological lab, used for growing
C. elegans and E. coli. The biolab was operational by April 2022 (four months before
the completion of my PhD).

Hardware limitation also had a major impact on my project. The detection objective
stage, Dover Motion DOF-5, was not reliable nor it operated properly; therefore, it was
replaced with a 25 mm Dovetail Translation Stage (Thorlabs, DTS25/M), controlled by
a K-Cube Brushed DC Servo Motor Controller (Thorlabs, KDC101) by a 12 mm Travel
DC Servo Motor Actuator (Thorlabs, Z812B). Troubleshooting the objective stage and
looking for an alternative stage took a significant time from the progress of the project.
In addition, we found it challenging to record ODMR, data using the PrimeBSI camera,
thus we used the Thorlabs CS235MU Kiralux 2.3 MP Monochrome CMOS Camera.
Unfortunately, the troubleshooting of the hardware problems occurred during my PhD

could not produce any useful data.

6.3 Future work

The SLM in the detection path enables the sample illumination via various beams, such
as Bessel beam [168], Airy beam [169] and lattice [170]. With a software adaptation my
microscope could use such beams for sample illumination, paving the way for further
biological research, since the resolution of imaging would be improved. SLM could
also allow tiling [171] LSFM imaging which could either increase or maintain the same
FOV but improve the imaging resolution by illuminating the sample through a series
of thinner LSs, instead of a single LS [171].

ODMR measurements recorded through LSFM illumination is a new method of
ODMR data extraction. I showed that the LSFM microscope can result in ODMR
recordings; however, further research would allow the investigation of temperature sens-
ing and magnetic field sensing. This would allow the in vivo temperature and magnetic
field sensing of whole organisms, such as C. elegans. A correlation of free movement

and neural activity to in-vivo temperature can be investigated.
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Python Coding - LSFM Mode in
SLMtools

Two Python codes are presented in this Appendix. An SLMtools adaptation introduces
a LSFM window and enables SLMtools to scan either a single LS or dual LS with
sequential illumination. For each LS scan a trigger is produced by a NI DAQ card
and an image is captured. The processes repeats until the complete scan range is
imaged. Through the SLMtools LSFM window, a start/stop positions are selected as
well as the scanning step size. Additionally, a code that enables loading of LUT for the
Meadowlark SLM with an HDMI connection is included in the SLMtools.

A.1 SLMtools LSFM Window

# LSFM CODE START
def make_LSFM_tab(self):
grpbox_lsfm = QGroupBox (’LSFM’)

11 = QGridLayout ()

self.scan_start = 0
self.scan_end = O
self.scan_steps = 0
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self.1lsfm_goto = 0

labl = QLabel(’Z Start (um)’)
lab2 = QLabel(’Z End (um)’)
lab3 = QLabel(’Step size (um)’)
lab4 = QLabel(’GoTo (um)’)

lestart = QLineEdit(str(0))

# lestart.editingFinished.connect(lambda: start_edit())
leend = QLineEdit(str(1))

# leend.editingFinished.connect(lambda: end_edit())
lesteps = QLineEdit(str(1))

# lesteps.editingFinished.connect(lambda: steps_edit())
legoto = QLineEdit(str(0))

# legoto.editingFinished.connect(lambda: goto_edit())

11.addWidget (1abl, 0, 1)
11.addWidget (1ab2, 0, 2)
11.addWidget (1ab3, 0, 3)
11.addWidget (1ab4, 3, 1)

11.addWidget(lestart, 1, 1)
11.addWidget(leend, 1, 2)
11.addWidget (lesteps, 1, 3)

11.addWidget (legoto, 4, 1)

start = QPushButton(’Start scan’)
stop = QPushButton(’Stop Scan’)
load_lut = QPushButton(’load LUT’)

load_lut.setCheckable (True)
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load_lut.toggle()

goto = QPushButton(’Go’)

11.addWidget (start, 2, 1)
11.addWidget(stop, 2, 2)
11.addWidget (load_lut, 2, 3)

11.addWidget (goto, 4, 2)

start.clicked.connect(lambda: start_button())

stop.clicked.connect(lambda: stop_button())

load_lut.clicked.connect(lambda: load_lut_button())

goto.clicked.connect(lambda: go_button())

self.scan_stop = 0

def start_button():

lestart_int = int(lestart.text())

leend_int = int(leend.text())

lesteps_int = int(lesteps.text())

#zern_rad_min =0

#zern_rad_max = 2 * np.pi

steps_no = (leend_int - lestart_int) / lesteps_int
#angular_shift = (zern_rad_max - zern_rad_min) / steps_no

steps_no_int = int(steps_no)
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# the light sheet translation for 200 as a tilt value is 867.28 (the rel

shift = (leend_int - lestart_int)/abs(steps_no_int)

#stop scan

self.scan_stop = 0

#daq control for camera triggering

task_do = nidagmx.Task()
task_do.do_channels.add_do_chan("Devl/portl/line0O")

task_do.start()

tast_di = nidaqmx.Task()
tast_di.di_channels.add_di_chan("Devl/port2/line4")

tast_di.start()

for i in range(abs(steps_no_int)+ 1):
if (self.scan_stop == 0):

for j in range(len(self.slm.pupils)):

p = self.slm.pupils[j]

pp = PupilPanel(p, self.pupilsTab, self)

self.pupilsTab.removeTab(len(self.slm.pupils) - 1)

self.pupilsTab.setCurrentIndex(j)

x = (lestart_int + i * shift)*(200/-600)

pp.pupil.aberration[1] = 60
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pp.pupil.aberration[2] = x

pp-pupil.set_aberration(pp.pupil.aberration)

pp.phase_display.update_phase(pp.pupil.rzern.n,
pp-pupil.aberration,

redraw=True)

#QtTest.QTest.qWait (150)
value_do = True
task_do.write(value_do)
QtTest.QTest.qWait (50)
value_do = False
task_do.write(value_do)

#QtTest.QTest.qWait (150)

pp.pupil.aberration[2] = 0

pp.pupil.aberration[1] = O

pp.pupil.set_aberration(pp.pupil.aberration)
pp.phase_display.update_phase(pp.pupil.rzern.n,
pp.pupil.aberration,

redraw=True)

print(x)

#(QtTest.QTest.qWait (500) # time.sleep() alternative that do

print (’scan ended’)
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task_do.stop
task_do.close()
tast_di.close()

return

def stop_button():

self.scan_stop = 1

def load_lut_button():

Blink_c_wrapperdll = ctypes.WinDLL(

"C:\Program Files\Meadowlark Optics\Blink 1920 HDMI\SDK\Blink_C_wrap

lut_file = ’C:\Program Files\Meadowlark Optics\Blink 1920 HDMI\LUT Files

Blink_c_wrapperdll.Create_SDK()

com_port = ctypes.c_char_p()

file_path = ctypes.c_char_p()

com_port = ’COM4’

file_path = lut_file
Blink_c_wrapperdll.Load_lut(com_port, file_path)
print(’load LUT’)

Blink_c_wrapperdll.Delete_SDK()

return
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def go_button():
for j in range(len(self.slm.pupils)):

legoto_int = int(legoto.text())

p = self.slm.pupils[j]

pp = PupilPanel(p, self.pupilsTab, self)

self .pupilsTab.removeTab(len(self.slm.pupils) - 1)

self.pupilsTab.setCurrentIndex(j)

x = legoto_int*(200/-600) #the light sheet translation for 200 as a

pp.pupil.aberration[1] = 60

pp.pupil.aberration[2] = x

pp.pupil.set_aberration(pp.pupil.aberration)

pp-phase_display.update_phase(pp.pupil.rzern.n,
pp.pupil.aberration,

redraw=True)

print(’go’)

return

grpbox_lsfm.setLayout (11)

return grpbox_lsfm

def make_objective_tab(self):

return
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# LSFM CODE END

A.2 SLM dll Loading Code

import ctypes

Blink_c_wrapperdll = ctypes.WinDLL("C:\Program Files\Meadowlark Optics\Blink 1920 HD
lut_file = ’C:\Program Files\Meadowlark Optics\Blink 1920 HDMI\LUT Files\linear.blt’
Blink_c_wrapperdll.Create_SDK()

com_port = ctypes.c_char_p()

file_path = ctypes.c_char_p(Q)

com_port = ’COM4’

file_path = lut_file

Blink_c_wrapperdll.Load_lut(com_port, file_path)
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PrimeBSI Camera

Troubleshooting

The PrimeBSI camera was not showing ODMR, spectrum. After two months of trou-
bleshooting, in collaboration with Teledyne engineers, the PrimeBSI camera was re-
placed with a Thorlabs CS235MU. The Thorlabs CS235MU camera was capable of
recording ODMR, spectrum using the same experimental configuration. In this Ap-
pendix Chapter I describe the PrimeBSI troubleshooting process.

The first data attempt was conducted with the camera gain set to Corrected Multi-
Sampling (CMS) mode and the exposure time was set to 100ms, as suggested by the
Teledyne engineers. CMS trades off dynamic range to ensure lower read noise. Next,
the possibility of the pixel noise filters effect on ODMR spectrum measurements was
examined. PrimeBSI’s filtering works by examining 3x3 pixel regions, if a pixel’s value
is above or below the median value by a given percentage, the pixel’s value is replaced
by the median. Four filtering options are available, the dark low, dark high, bright low,
and bright high. It was initially suggested to use the default filter settings; however after
a failure in recording an ODMR spectrum, the filters were turned off. All combinations
of filters being turned ON/OFF were examined. The effect of Clear Mode was also
investigated, where clear mode continuously clears the sensors while there is no imaging
acquisition. Prime BSI offers four Expose Out Modes, the First row, where the camera

triggers ready when the first row of a single frame is being exposed, Any Row, where
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Figure B.1: The red dashed line shows the end exposure of the first row, triggering
that the camera is ready to move to the next read. The gray dashed line represents the
start of the trigger in, that triggers that the camera is ready for the next acquisition,
and the green line shows the start of the next acquisition. a) First Row Mode. b) Any
Row Mode. The figure was extracted using data from the Prime BSI manual [1].

the camera triggers ready at the end of last row exposure (First Row and Any Row
principle of operation is shown in Figure B.1), Line Output Mode is used when the
programmable scan mode is used, and Rolling Shutter Mode, which is simlar to the
First Row Mode, but the expose out signal is high when all rows are exposing. All
Exposure Out Modes were investigated without acquiring an ODMR spectrum. [1]
From a software/hardware standpoint, it was ensured that the correct channels were
selected in the experiment control software. All signals were investigated using BNC
T-connectors to make sure that the signal responsible for triggering the camera was 5V
and that the Camera In trigger and, the Camera ready trigger were synchronised as

expected. ODMR spectrum was not recorded with the PrimeBSI camera.
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ODMR Sample Preparation

Protocol

@OO\]@OT%OON)»—!Q
@
T

—
o
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Action

Scratch the PCB to remove the insulating material (Figure 5.2a))

Glue a square coverslip (22 mm) on the PCB

Solder the copper wire at the scratched position

Clean a circular coverslip with isopropanol

Drop 20 pL of 1:10 90 nm FND on the circular coverslip

Wait until evaporation

Place the circular coverslip in a hotplate at 35-38 °C to speed that process up
Mix while evaporation occurs to spread the FNDs

Drop 10 uL of distilled water on the sample (circular coverslip

Place the circular coverslip on the rectangular coverslip with the FNDs facing
towards the thin wire

wait for the sample to settle (10-15 minutes)

Seal the sample

Table C.1: Fluorescent nanodiamond sample preparation procedure for ODMR mea-
surements.
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