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Optical microscopy is a cornerstone of biomedical research. Advances in optical
techniques enable specific, high resolution, sterile, and biologically compatible imag-
ing. In particular, beam shaping has been used to tailor microscopy techniques to en-
hance microscope performance. The aim of this Thesis is to investigate the use of novel
beam shaping techniques in emerging optical microscopy methods, and to apply these
methods in biomedicine.

To overcome the challenges associated with high resolution imaging of large spec-
imens, the use of Airy beams and related techniques are applied to light-sheet mi-
croscopy. This approach increases the field-of-view that can be imaged at high resolu-
tion by over an order of magnitude compared to standard Gaussian beam based light-
sheet microscopy, has reduced phototoxicity, and can be implemented with a low-cost
optical system. Advanced implementations show promise for imaging at depth within
turbid tissue, in particular for neuroscience.

Super-resolution microscopy techniques enhance the spatial resolution of optical
methods. Structured illumination microscopy is investigated as an alternative for elec-
tron microscopy in disease diagnosis, capable of visualising pathologically relevant
features of kidney disease. Separately, compact optical manipulation methods are de-

veloped with the aim of adding functionality to super-resolution techniques.
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Chapter 1

Introduction

1.1 Preface

For centuries, optical imaging has been a crucial tool for biomedical research, allow-
ing observation of the constituent building blocks of life, cells, and their dynamic pro-
cesses. Optical imaging enables contact free imaging with good spatial and temporal
resolution, a wide range of bio-compatible contrast agents exist, and is ubiquitous in
virtually all biomedical research laboratories.

When other biomedical imaging methods are considered, it is perhaps surprising
that optical microscopy is still so prevalent. Electron microscopy (EM) has superior
resolution when compared to light microscopy simply due to the higher energy, and
therefore shorter wavelengths, associated with electrons rather than photons. Sub-
nanometre resolution can be achieved by EM whereas optical techniques are diffraction
limited to a resolution of about 200nm. EM additionally benefits from newly discov-
ered genetically-encoded contrast agents [1, 2] and multi-colour imaging [3], areas in
which EM has previously struggled. However, EM must be performed in a vacuum
which necessitates dead and desiccated samples and prohibits live imaging. This des-
iccation removes proteins of interest from their natural environment, water, and may
form structures that are functionally different from their natural conformations. Even
if the challenges of vacuum and desiccation were overcome, contrast agents required
for EM typically contain highly toxic heavy metals. The short wavelength of electrons
provides high resolution, but also limits how much EM can penetrate into samples, EM
requires very thin samples, often sectioned at a thickness on the order of 100nm.

At the other end of the spectrum is ultrasound imaging. Ultrasound imaging
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FIGURE 1.1: Illustration of ultrasound (green), optical (blue), and elec-
tron (red) imaging domains showing resolution and penetration depth
from the surface of a specimen.

has relatively poor resolution but has excellent penetration depth, again owing to the
greatly reduced wavelength of ultrasound waves compared to visible light. Ultrasound
imaging allows visualisation of structures deep within the body, obscured by several
layers of tissue and even whole organs without the need for surgery. Ultrasound imag-
ing is therefore non-invasive, requiring only light contact with the patient in order to
image within the body in vivo.

Optical microscopy occupies the middle ground, as shown in Fig. 1.1. The resolu-
tion of an optical microscope is limited by diffraction to about 200nm and so is suitable
for observation of small organisms, organs (ex vivo), single cells, and some sub-cellular
components. Light microscopy also retains some penetration depth, typically allow-
ing observation through several cellular layers or even multiple tissue layers. As such,
optical microscopy can also be non-invasive in that it can observe cell cultures without
perturbation and superficial layers of organs can be observed without surgical incisions
or sectioning. Light exposure can damage biological matter, but this effect is low across
the visible spectrum and prolonged observation is possible. Additionally, a wide range
of bio-compatible and highly specific contrast agents (such as fluorescent labels) exist.

However, optical microscopy has existed for hundreds of years, and microscope

design has remained largely unchanged in that time. It begs the question:
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What is the role of modern optical microscopy?

It is the ethos of this Thesis that optical microscopy is still an essential and relevant
tool, particularly for live imaging where both high-resolution and good penetration
depth are required. When imaging living specimens, the imaging method must be fast
enough to capture a large enough view of the structure of the specimen without arte-
facts from motion blur, and the act of imaging must not harm the specimen. Modern
optical microscopy requires photonic innovation to push back the boundaries of tradi-
tional microscopy.

Precise control of optical properties, such as wavelength, intensity, phase, and po-
larisation, collectively referred to as beam shaping is available through various tech-
niques and allows optical microscopy techniques to be tuned and optimised, or even
for entirely new techniques to surface. Figure 1.2 illustrates the extension of the op-
tical imaging domain by selected prominent beam shaping techniques (discussed in
detail in Chapter 2). The ultimate goal is to steer optical imaging techniques toward
the lower right-hand region of this graph, realising an imaging modality capable of
excellent resolution at great depth within a specimen. This would ultimately enable
superior imaging across a range of length scales required for understanding of com-
plex biological systems. The human brain features organised structure on the order of
centimetres, down to individual synaptic connections between neurons on the order of
100s of nanometres, and further still to molecular distributions at synaptic connections
on the nanoscale. All levels of structure must be visualised to understand the function
of the brain, and will require such imaging techniques.

Light-sheet microscopy (LSM) shows promise as a fast technique for imaging large
volumes at depth and does so in a very efficient way, thereby minimising damage to
the specimen by unnecessary light exposure. Figure 1.2 shows LSM extending to the
right, to greater imaging depth with reasonable resolution. Additional beam shaping
techniques in combination with LSM are increasing the resolution of this method and
can bring LSM closer to the goal region.

Super-resolution (SR) microscopy techniques are pushing the optical domain down,

achieving resolution beyond the diffraction limit. SR microscopy techniques have the
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FIGURE 1.2: Illustration of the extension of optical techniques by beam
shaping. Plot of resolution and penetration depth from the surface of
a specimen. Approximate scope of ultrasound (green), optical (blue),
and electron (red) imaging domains. Labelled arrows illustrate the
new regions unlocked by each respective technique. OCT: Optical co-
herence tomography; LFM: Light field microscopy; LSM: Light-sheet
microscopy; PALM: Photo activated localisation microscopy; STORM:
Stochastic optical reconstruction microscopy; SIM: structured illumina-
tion microscopy; STED: stimulated emission depletion microscopy

potential to displace EM in particular applications, particularly because these tech-
niques can be applied to living samples but also due to their greatly simplified sample
preparation stages and the ability to image much larger intact volumes.

Separately, optical techniques for the manipulation of biological matter have been
developed. Optical trapping enables non-contact, precise, three-dimensional (3D) po-
sitioning of small particles such as individual cells and can also be utilised to measure
microscopic forces. Intense focussed laser beams can also be employed to precisely cut
selected sections of tissue or to create transient holes, allowing the passage of foreign
material into cells. These techniques can be complimentary to imaging techniques and
combination of these techniques with advanced microscopy platforms adds a whole

new dimension of functionality and enables truly ground-breaking studies.
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1.2 Synopsis

This thesis describes the use of beam shaping in optical microscopy and optical ma-
nipulation, and the combination of such techniques for advanced functional imaging.
Advanced wavefront shaping techniques are applied to extend the volumetric imaging
capability of high-resolution light-sheet microscopy (LSM) and applied to brain imag-
ing studies. Structured illumination microscopy (SIM) and optical manipulation are
considered and a compact optical trapping system is developed and integrating into a
microscope with SIM capability.

Chapter 2 introduces volumetric imaging techniques, in particular LSM and exist-
ing beam shaping approaches to enhance LSM, before discussing a number of promi-
nent super resolution (SR) microscopy techniques. SIM is identified as an ideal SR
technique for live imaging and is discussed in more detail. Chapter 3 covers back-
ground literature on the use of optical manipulation, particularly in combination with
advanced microscopy techniques, and the calibration of optical traps.

Chapters 4 - 6 discuss new beam shaping innovations in LSM. Chapter 4 introduces
the use of an Airy beam for light-sheet illumination to facilitate high resolution imaging
over large volumes. A full theoretical analysis is performed and the optical system is
designed, constructed and tested. The Airy LSM is applied to the topic of brain imaging
in Chapter 5, the performance of standard and Airy light-sheet illumination schemes
is analysed in both native and optically cleared tissue. Chapter 6 details advanced
beam shaping techniques to compliment Airy LSM. Controlled aberrations from simple
optical elements are exploited for low-cost implementations of Airy LSM, widening
the availability of the technique. Separately, attenuation compensation techniques are
investigated to counteract intensity loss of the Airy light-sheet on propagation within
turbid media.

Chapter 7 turns to SR imaging, investigating the use of SIM for the rapid diagnosis
of nephrotic disease from kidney biopsies. Chapter 8 details the design and characteri-
sation of a compact optical trapping system based on a high quality gradient refractive
index (GRIN) lens, the integration of this compact trapping solution into a SR micro-

scope, and the demonstration of its use for biomedical applications.
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Chapter 9 summarises and concludes on the results presented in this Thesis, dis-

cussing ways to expand upon and improve the investigations performed.



Chapter 2

Optical imaging in the biomedical

sciences

2.1 Introduction

Optical imaging has enabled many powerful studies in biomedicine. For instance, op-
tical techniques have facilitated observation of human immunodeficiency virus (HIV)
transfer between cells [4], the separation of individual chromatids during cell division
[5], transient activity throughout the whole brain of a larval zebrafish [6], and neu-
ronal activity throughout an entire worm (Caenorhabditis elegans) [7], and many other
powerful studies.

This Chapter will introduce basic principles of optical microscopy, describing
Abbe’s theory of image formation which defines the limitations of resolution, laser
beam propagation, and the concept of fluorescence microscopy. Although many of
the discussed techniques may be applied to other contrast mechanisms, fluorescence
microscopy is particularly prevalent in the biomedical sciences and all techniques dis-
cussed will be discussed in the primary context of fluorescence imaging. Existing tech-
niques for volumetric microscopy are introduced and discussed, from which LSM is
selected as a technique for more investigation. Similarly, SR techniques are introduced

before selecting and focusing on SIM as a technique of merit for live imaging.
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2.2 Principles of optical microscopy

This section introduces important concepts in microscopy which underpin the work
presented in this Thesis. Resolution is an important metric to quantify microscope
performance and is introduced with Abbe’s theory of image formation. This is an im-
portant concept in beam shaping and is discussed and compared to propagation char-
acteristics of Gaussian and non-Gaussian light modes. The principle of fluorescence is
introduced which is a foundation for all microscopy methods discussed in this Thesis,

and finally, a description of resolution in the Fourier domain is introduced.

2.2.1 Abbe’s theory of image formation and the diffraction limit

The first modern theory of image formation was put forward by Abbe in 1873 [8] and
has influenced microscope design ever since. In this theory, fundamental limits were
set out that predicted the best resolution that could be achieved with an optical micro-
scope. Today, imaging techniques exist that beat this so-called diffraction limit. These
techniques, some of which will be covered in later chapters, however do not break the
diffraction limit, they bend it. Even in the age of SR microscopy, Abbe’s theory of image
formation is as relevant and important as it was in 1873 and is outlined below.

It can be shown that a lens performs a Fourier transform of the electric field distri-
bution at its focal plane. The finite extent of the lens, however, means that the Fourier
transform is band-limited and acts as a spatial low-pass filter.

Resolution is defined by considering the image of a infinitesimal point like object
(a Dirac delta-function), called the point-spread function (PSF). The Fourier transform
of the delta-function is constant but the lens truncates this, yielding a top-hat function.
Re-imaging the captured field results in a sinc function and a sinc squared intensity
profile, called an Airy disk.

From this understanding, Abbe determined the minimum lateral, r; ,, and axial, 7.,

size of feature that could be resolved by a microscope to be:

A

'I"x’y = m (21)
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2\n

AT (2.2)

r, =

where ) is the wavelength of light in vacuum and NA = nsin () is the numerical
aperture, a dimensionless figure of merit which describes the collection efficiency of a
lens where n is the refractive index of the medium at the object side of the lens and 6 is
the half angle which defines the acceptance cone of the lens [9, 10]. Abbe’s resolution
limit, or diffraction limit, given by equations (2.1) and (2.2) are defined as the radius
of the first intensity minimum of the Airy disk. This definition bounds 83.8% of the
intensity spread out over the Airy disk.

There are many definitions for resolution that rely on different assumptions [11] but
many of these are relative measurements. Abbe’s criteria describes an isolated point

and is an absolute measurement.

2.2.2 Gaussian beams

Since the invention of the laser in 1960, the landscape of microscopy techniques has
evolved rapidly. The unique properties of the laser; high intensity, spatial and tem-
poral coherence, and monochromaticity, have impacted greatly on microscopy tech-
niques. The high intensities lasers can provide reduce exposure times and the energy
densities can be large enough, particularly with ultrashort pulsed lasers, to induce non-
linear effects such as second [12, 13] and third harmonic generation [14] (SHG and THG
respectively), and multi-photon excitation (nPE) fluorescence [15-17]. The high degree
of spatial coherence and the monochromatic nature of laser light allow precise control
of the beam wavefront and has enabled a wide range of beam shaping techniques to
impact on microscopy [15-23].

The light emitted from a laser is generally a fundamental Gaussian mode. The
Gaussian beam is a solution of the paraxial wave equation [24]. In this scenario it
is assumed that, in the ray optics approximation of the propagating beam, all rays
propagate close to the optic axis and at relatively small angles to the optic axis. The

time-independent electric field distribution of a Gaussian beam propagating along the
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E(w,z)=e"E(0,2)

FIGURE 2.1: Propagation of Gaussian beam. Beam width of electric field

(blue lines) around the beam waist (focus). Important dimensions; w,

Zr, b, and 6, are labelled. Dashed lines indicate ray optics propagation
of a beam with the same divergence angle, 6.

z axis is described by:

2 ,’,2

E(r,2) = Eow“(’z) exp (1;(:)2> exp (—ilkz + kop th o(2))) (2.3)

where r is a position vector transverse to beam propagation, Ey is the maximum elec-

tric field strength, wy is the beam waist or minimum beam width, w(z) is the beam
width, &k = 27 /) is the wave-number, R(z) is the wavefront radius of curvature, and

®(z) is the Gouy phase [24]. wp, w(z), and R(z) are defined as:

wo = — (24)

w(z) = woy 1+ <Z>2 2.5)
R(z) =2 {1 + (zR)z] (2.6)

R= (2.7)

The beam width, w(z), is defined as the transverse distance at which the electric
tield strength has dropped to e~ ! of its on-axis value [$] and is shown in Fig. 2.1 with

other important dimensions. The Rayleigh range, zp, is defined as the axial distance
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from the beam focus (¢ = 0) at which the beam width increases by V2, b = 2zp is
known as the confocal parameter and generally defines the axial extent of a beam focus.
For |z| > zp the beam width increases linearly with increasing |z| and a ray optical
treatment of beam propagation becomes valid with a divergence angle, 6.

wo and zp are closely related to 7., and r, respectively, however, equation (2.3)
relies on the paraxial approximation and so is invalid for describing beams with a large
distribution of wavevectors. Additionally, Gaussian beams are typically truncated at
some point on propagation through an optical system and so a treatment using Abbe’s

theory is generally more accurate.

2.2.3 Non-Gaussian beams

Although Gaussian beams are prevalent, a number of more exotic beam types can be
produced and are finding many applications in imaging and optical manipulation. In
this Thesis, Bessel and Airy beams are investigated. These are described in more detail
when first encountered in later Chapters, but are introduced now to highlight the key
differences between these beam types.

Bessel beams are a propagation-invariant solution of the Helmholtz equation [25],
which is analogous to the paraxial wave equation. The electric field of an ideal Bessel

beam is given by:

E(r,¢,z) = Agexp(ik,z)Jn (k) exp(Ling) (2.8)

where r, ¢, and z are radial, azimuthal and longitudinal directions in cylindrical coor-
dinates, k, and k, are the radial and longitudinal wavevectors where k = /k2 + k2 =
21/, Jp, is the nt"-order Bessel function, and Ay is a scalar constant. A zeroth-order
Bessel beam is described by n = 0. n > 0 yields higher order Bessel beams which
have a singularity on axis and carry orbital angular momentum [26] but these are not
considered here.

Bessel beams consist of a narrow cylindrical core, surrounded by a series of con-

centric rings. This profile is formed by interference from plane waves arranged on the
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surface of a cone. As such, an approximation of a Bessel beam can be generated from
the following pupil function (electric field distribution in the back focal plane of a lens):
1

PBessel('Uf'r‘) = mH(l — U,T.)H(’U,»,- -1+ 5) (29)

where u,. is the radial normalised pupil coordinate, H denotes the Heaviside step func-
tion, and £ is the fractional width of annulus (width of annulus/radius).
The Airy beam is in analogue of a dispersion-free solution of the Schrodinger equa-

tion for a free particle [27]. The electric field of an Airy beam can be expressed as:

E(:c,z):Ai<x e >exp<' vz, 2 > (2.10)

— = ? —1
zo  4k%x} 2kxd  12k3a§

where Aiis the Airy function, z is the transverse coordinate, z is a characteristic trans-
verse length, z is the propagation distance, £ = 27n/\ is the wavevector where n is
the refractive index [28, 29]. At the origin, F(z,0) = Ai(z/z¢) and this remains in-
variant upon propagation. However, the Airy beam undergoes a transversal shift, or
acceleration, upon free propagation [25] and the main lobe of the Airy beam following
a parabolic trajectory (Fig. 4.1).

The Airy beam is separable in Cartesian coordinates. Equation (2.10) describes a
1+1D Airy beam (an Airy beam in a 2D space), and a 2+1D Airy beam can be described
by multiplication by a similar expression for E(y, z). A 2+1D Airy beam can be gener-

ated from the pupil function:

H(1l—u,)
ﬁ

where v and v are normalised pupil coordinates corresponding to the z- and y-axes

exp[2mia(u® + v®)] (2.11)

respectively, u, = (u? + v?)/?

,and « is the strength of the cubic modulation.

Figure 2.2 shows key differences in propagation between Gaussian, Bessel, and Airy
beams. All beams are simulated through an objective lens with 0.42 NA for a wave-
length of 532nm.

Figure 2.2(b,e) shows a Bessel beam formed from equation (2.9) with 5 = 0.05.

The central core has a diameter slightly smaller than the Gaussian beam, but has an
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FIGURE 2.2: Propagation of Gaussian, Bessel, and Airy beams. Trans-

verse intensity profiles of (a) Gaussian, (b) Bessel (8 = 0.05), and (c)

Airy (o = 7) beams at the beam focus, showing the extended transverse

structure of Bessel and Airy beams. Insert shows close up of central re-

gion, crossing dashed green lines indicate the origin. (d,f) Axial profiles
of the beams. Scale bar is 10 wm (2 pm in inserts).
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extended transverse profile of concentric rings. The Bessel beam maintains this profile
over a much larger longitudinal range than the Gaussian beam.

Figure 2.2(c,f) shows an Airy beam formed from equation (2.11) with o = 7.
The Airy beam has an asymmetric transverse profile an extended transverse profile
compared to the Gaussian beam (and the Bessel beam). The Airy beam also ex-
hibits propagation-invariance and maintains this profile over an extended longitudinal
range. Figure 2.2(f) shows variation on propagation but this apparent variation is due
to the transverse shift of the beam on propagation. It can be seen that the main lobe

follows a parabolic trajectory.

2.2.4 Fluorescence microscopy

Different microscopy techniques rely on different physical properties of the sample to
be imaged but most commonly rely on the absorption of transmitted light or the reflec-
tion of incident light, while more exotic schemes exploit the change in phase from pass-
ing through parts of the sample with different optical thickness [5]. With microscopic
samples, these changes can be very small as the sample is very thin. Additional contrast
agents may be added to the sample before imaging to enhance contrast, for example
by selectively increasing the absorption of certain features for histological analysis by
transmission microscopy.

Fluorescence as a contrast agent has, by far, had the greatest impact on biomedical
microscopy. The field of fluorescence microscopy exploded in 1995 with the discov-
ery of genetically encoded fluorescent proteins (green fluorescent protein; GFP) in the
jellyfish Aequorea victoria [30] and is now common to almost all biomedical research
laboratories. As will be seen in Chapter 2.4, most super-resolution microscopy tech-
niques rely on manipulation of the spatiotemporal emission of embedded fluorophores
to overcome the diffraction limit. Since the discovery of GFP, many mutations and
other variants have been developed to yield fluorescent probes with excitation and
emission peaks across the visible spectrum and into both the infra-red and ultra-violet
[51].

Fluorescence is the process in which a fluorescent molecule, or fluorophore, absorbs

light of one wavelength, exciting the fluorophore from its ground state, .Sy, to an excited



Chapter 2. Optical imaging in the biomedical sciences 15
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FIGURE 2.3: (a) Energy level diagram of fluorophore showing vibra-
tional levels of ground (Sp) and excited (S:) states, and excitation
(green), non-radiative (blue), and fluorescence (yellow/orange) transi-
tions. (b) Excitation and emission spectra of fluorophore showing spec-
tral separation of excitation (green) and fluorescence (yellow/orange).

state, S1 (Fig. 2.3(a)). The fluorophore then loses some energy through non-radiative
processes and spontaneously emits a photon, returning to its ground state. The wave-
length of the emitted photon is longer than the absorbed photon due to the energy
loss within the fluorophore. Due to the fine structure of the fluorophore, a relatively
broad range of wavelengths will excite the fluorophore, and the emission is equally
broadband (Fig. 2.3(b)).

Fluorescence microscopy achieves a remarkably high contrast due to a very low
background. GFP requires absorption of light at approximately 490nm to generate
fluorescence, this corresponds to an energy bandgap of approximately 2.5eV. Ther-
mal energy at room temperature corresponds to an energy of approximately 0.026eV
and so spontaneous thermal excitation of a fluorophore is non-existent. Additionally,
fluorophores can be conjugated to antigens, conformational proteins which only bind
to highly specific antibodies, to target only specific antigens present in different cel-
lular structures [31] which ensures high contrast due to low levels of residual fluo-
rophores outwith the structures of interest. Multi-labelled specimens can, with appro-
priate choice of filters, avoid cross talk between the signals from different fluorophores

if their excitation and emission spectra are kept spectrally distinct.
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Image formation in a fluorescence microscope can be described by:

D(r) = (H & [SI])(r) (2.12)

where ® is the convolution operator, D(r) is the resulting image intensity, H(r) is the
point-spread-function (PSF) of the imaging system, S(r) is the fluorophore distribution
within the sample, I(r) is the illumination intensity within the sample, and, for sim-
plicity, r is a 1D vector in the lateral plane of the microscope [32]. S(r) - I(r) is the
emission intensity from the sample, for uniform illumination, as is the case in a stan-
dard fluorescence microscope, I(r) is unity. By spatially modulating I(r), novel image
acquisition methods can be developed. These are described in the following sections

and are the main investigations of this Thesis.

2.2.5 Optical transfer function

Equation (2.12) expresses the image as a convolution with the PSF of the imaging sys-

tem in real-space. In Fourier space, this can be expressed as:

D(ky) = O(k) FI(S(r)I(r))] (2.13)

where F denotes the Fourier transform and O(k;) is the Fourier transform of H(r), and
is called the optical transfer function (OTF) of the imaging system [32].

The OTF describes the transmission of different spatial frequencies, k,, through the
optical system. Whereas better imaging typically requires an imaging system with the
smallest PSE, an OTF with values above some noise threshold at the highest spatial
frequencies is desirable.

As the OTF is typically complex valued, an optical system is often characterised by
the modulation transfer function (MTF), which is the absolute magnitude of the OTFE.
This essentially gives the transmission coefficient of the imaging system as a function
of spatial frequency:.

Figure 2.4 shows the PSF and MTF for a typical microscope lens. The magnitude,
or contrast, decreases as spatial frequency increases, reducing to zero at the spatial

frequency corresponding to the diffraction limit. The resolution is determined by the
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FIGURE 2.4: (a) Simulated PSF and (b) MTF for a typical microscope

objective (NA = 0.4, A = 532nm). Scale bar in (a): 2 pm. Scale bar in (b):

0.2 where units are normalised such that 1 = 2NA /) corresponds to the
diffraction limit.

tirst zero in the MTE, or more practically, the lowest spatial frequency at which the MTF
falls below the noise floor of the system [33]. Aberrations in the system will cause the

MTF to fall at some spatial frequencies.

2.3 Volumetric imaging

Microscope design has tended to follow the rule that light collected from the sample
is collinear with the light that is used to illuminate the sample, whether this is from
opposing sides of the sample, as in transmission imaging, or in the more flexible case
of reflection, or epi-fluorescence, imaging. This poses a great challenge for the imag-
ing of thick specimens. The illumination generates fluorescence in the focal plane and
also everywhere else in the sample along the path of the illumination and so the sig-
nal collected by the microscope contains the desired image from the focal plane of the
microscope but also the blurred image from fluorescence excited anywhere else in the
sample. In standard fluorescence microscopy this is generally everywhere in the sam-
ple and so the out-of-focus contributions to the image can be very large, especially in
densely labelled samples. Biological imaging experiments have been designed around
this fundamental limitation and so much biomedical research is carried out on two-
dimensional (2D) cultures of biological material to ensure sufficient contrast in the im-

age. Biology is intrinsically three-dimensional (3D) in nature and to truly understand
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processes in development and disease, studies must be performed on model systems
that recapitulate the natural environment of the specimen more accurately than a 2D
culture or on an entire animal in vivo. Microscopy techniques must evolve to overcome
their limitations and better suit the needs of the end user.

Microscopy techniques have, and continue to, evolve and a number of techniques
have emerged to enable volumetric imaging. The primary requirement for volumetric
imaging is optical sectioning, the ability to separate signals in one axially offset plane
of the sample from another. The following sections describe a number of techniques

designed to give optically sectioned, volumetric images of large specimens.

2.3.1 Confocal and multi-photon microscopy

Confocal microscopy is a technique for achieving optical sectioning based on selective
detection of light [34], so-called because the method comprises a point light source
which is imaged to a point in the sample and a detector which only accepts signal
from one point in the sample. These points must be aligned in order to generate a
signal from this point, which is scanned throughout the sample in 3D to produce an
image. The method can give high-contrast, optically sectioned images at considerable
depth into thick, scattering specimens because of this point-to-point principle. This
is achieved generally using pinhole apertures and a simple confocal microscopy ap-
paratus is shown in Fig. 2.5. The illumination is focused to a point, the intensity of
the illumination will be concentrated at the focus but some signal will be generated
throughout a cone converging on this point and another cone diverging from it which
will generate some unwanted background signal. This extraneous background signal
would lower contrast but is rejected by the detection pinhole; the pinhole only strongly
transmits light which focuses at the centre of its aperture. Light which is focused in the
aperture plane but laterally offset is strongly attenuated as it is not transmitted, light
which is defocused from the aperture plane is only partially transmitted and so also
attenuated.

By rejection of light that has originated from outwith the focal spot, or light from the

focal spot which has scattered due to sample turbidity, only ballistic emitted photons
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FIGURE 2.5: Schematic of confocal microscope shown in transmission
configuration for simplicity. LS: Light source; Px: Pinhole; Lx: Lens; S:
Sample; PD: Photodetector. Beam pathway in block colour shows light
transmission from desired focal spot in sample. Pathways of unwanted
signal form laterally and axially offset points are shown by dashed and
full outlines respectively. The dashed box around LS indicates the com-
ponents which may be replaced by a collimated laser beam. Beam steer-
ing optics and fluorescence filters have been omitted for clarity.

are efficiently collected and contribute to the image, offering good image quality at
depth.

The resolution of the microscope can be partially controlled by varying the diameter
of pinhole aperture. If the pinhole in made infinitely small, it is theoretically possible
to achieve resolution 2 times better than the diffraction limit. In practice however, this
is not possible due to the infinitely small signal that would be collected and resolution
enhancement by a factor of approximately v/2 is achieved [35].

The confocal microscope is a point scanning technique and so intrinsically slow
for imaging large samples, the time required to image a cube of side a scales with a3.
With advances in photodetectors and beam scanning optics, the time taken to position
the beam accurately at a point and acquire a signal can be sub-millisecond. Confocal
microscopy is therefore best suited to small volumes where short scan times can be
achieved. Video rate confocal microscopy can be performed using spinning-disk or
Nipkow disk methods [36], where a spinning disk with an array of holes is used to
rapidly scan the focal spot across a plane in the sample. Depending on the disk de-
sign, this can be parallelised and multiple, appropriately separated, focal spots can be
imaged simultaneously [36].

Multi-photon microscopy, most commonly two-photon excitation (2PE) microscopy
[15] is an extension of confocal microscopy that exploits the non-linear response of

multi-photon excitation, the process of absorbing two photons of energy equal to half
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FIGURE 2.6: (a) Energy level diagram of fluorophore showing vibra-

tional levels of ground (Sy) and excited (S;) states, and 1PE (green),

2PE (red), non-radiative (blue), and fluorescence (yellow/orange) tran-

sitions. (b) Photograph of 1PE (left) and 2PE (right) fluorescence. Photo

in (b) taken from [37].

the excitation energy, to the illumination intensity (2.6(a)). The probability of 2PE
scales with the square of the intensity, so for a focused beam, occurs only in the fo-
cal volume (2.6(b)), yielding high SNR without requiring rejection pinholes. However,
short-pulsed lasers are required to generate the required intensities which makes multi-
photon microscopy expensive and limits the choice of excitation wavelengths available
and therefore fluorophore choice. The spectral separation of excitation and emission
is improved and the longer wavelengths used for illumination have greatly reduced

Rayleigh scattering allowing imaging at increased depth which makes multi-photon

microscopy particularly suitable for in vivo applications.

2.3.2 Light-sheet microscopy

Whereas confocal microscopy is based on both selective illumination and selective de-
tection, LSM is based solely on selective illumination of the sample alone and is much
more efficient in its use of the photon budget. If it is desirable to not collect fluores-

cence from outwith the focal plane, simply do not illuminate outwith the focal plane.
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This is achieved by illuminating the sample with a beam perpendicular to the detec-
tion optics and is generally delivered into the sample through another lens [34, 38, 39].
With a weakly focused beam, this illumination scheme will illuminate a line within the
focal plane. In order to capture an image from the entire focal plane simultaneously
the beam must be made broad along one axis, this can be achieved by using a cylindri-
cal lens as shown in Fig. 2.7. Alternatively, a quasi-light-sheet may be formed by rapid
one-dimensional (1D) scanning of the beam, often referred to as digitally scanned light-
sheet microscopy (DSLM) [40]. If the beam is scanned on timescales much shorter than
the camera integration time, the scanned beam appears, to the camera, as a continuous
sheet. Rapid scanning of a focused beam yields a more uniform intensity light-sheet
than one formed by cylindrical lensing, as a cylindrical lens still maintains a Gaus-
sian profile whereas rapid scanning can yield a flat intensity profile over a significant
range. DLSM is also more resistant to shadowing artefacts [41] due to the increase in
k—vectors associated with tightly focused beams, but requires a more complex optical
system.

Figure 2.7 also highlights that the optical sectioning ability is dependent of the light-
sheet thickness, or width. The insets in Fig. 2.7(a) show two standard modes of LSM
operation; (i) the light-sheet thickness is matched with the depth-of-focus (DOF), or
axial resolution, of the microscope objective used to collect fluorescence, and (ii) the
light-sheet thickness is made much narrower than the DOF. In both scenarios the lateral
resolution of the microscope remains the same and is given by equation (2.1).

In the first scenario, the axial resolution is given also by the Abbe criteria for the
detection lens, as given by equation (2.2), the light-sheet width is approximately equal
to, or a bit larger than, the DOF of the detection lens and so background fluorescence
emission from outwith the focal plane is inhibited. As the light-sheet is fairly broad in
this case, the divergence of the illumination is low and the light-sheet width remains
approximately constant over a large propagation range, or field-of-view (FOV). The
cut-off point used to define the limits of the FOV is the confocal parameter, b, of the
light-sheet, at which point the beam width is v/2 greater than at the beam waist.

In the second scenario, the light-sheet is focused such that the thickness is much

narrower than the DOF of the detection lens. In this case, the greater divergence of
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FIGURE 2.7: Simple light-sheet microscope design. (a) Top down (z — z)
and (b) side on (z — y) views of the microscope setup. A collimated laser

beam is expanded and two-dimensionally focussed into a thin sheet nor-

objective.

mal to the z-axis. This light-sheet intersects the sample (usually im-
mersed in liquid within a chamber) and is co-aligned with the focal plane
of the microscope objective, which collects fluorescence from the sample.
The collected signal is imaged via the tube lens onto the camera. Insets
in (a) show the two main classes of LSM; (i) low and (ii) high NA illumi-
nation. The dashed box indicates the depth-of-focus of the microscope

the light-sheet results in a much shorter FOV but the axial resolution of the microscope

can be greatly increased. If the illumination has the same NA as the detection optics,

isotropic resolution can be achieved. This scheme was originally termed confocal-theta

microscopy [42] and later evolved into the LSM technique described above in order to

increase the FOV of the technique.

At the high-resolution limit of LSM, the requirement of two perpendicular objective

lenses places a geometric limit on the resolution that can be achieved. With identical

objective lenses for illumination and detection, as is required for isotropic resolution,

the cone of acceptance cannot exceed an angle of 45° (NA = 0.71 in air) or the focal

points of the two objectives cannot be matched. Higher resolution implementations
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have been achieved through the use of complimentary multi-view, structured illumi-
nation, and super-resolution techniques [5, 20, 41, 43-48].

Compared to point scanning methods, where the illumination is time-shared across
each point of the sample, the illumination is incident on all points in the image con-
tinuously for cylindrical lensed LSM and only time-shared per line of the image for
DSLM. As the illumination is present at each point in the sample for longer per image
acquisition, the instantaneous illumination intensity can be lower to achieve the same
signal-to-noise ratio (SNR), however, the total fluence for each method is the same.
The wide-field nature of image acquisition in LSM and readily available fast and sen-
sitive camera technology allows for very fast imaging, even over large volumes [6, 49].
Ahrens et al have reported sub-cellular resolution imaging of the entire larval zebrafish
brain (800 x 600 x 200) um?® with nearly 1s temporal resolution [6]. One drawback to
wide-field image acquisition is that fluorescence emitted from planes deep into thick
specimens is subject to scattering and so images from within turbid specimens will

degrade with increasing depth.

2.3.3 Light-field microscopy

Light-field microscopy (LFM) is based on the concept of integral photography [50, 51]
that exploits the use of an array of small lenses, or "lenslets", to acquire information
about the angular distribution of light from a sample as well as the positional informa-
tion [50].

Microscope objectives feature a physical stop (circular aperture) at the back focal
plane of the lens which imposes a number of conditions on the image: that the images
produced are orthographic rather than perspective views of the sample, the PSF of the
lens is shift invariant in the lateral plane, and translation of the sample in the lateral
plane does not cause parallax [50]. While these properties are, in general, very useful, a
consequence is that no impression of the 3D distribution of the sample can be discerned
without axially translating the sample relative to the focal plane of the microscope.
Volumetric images are constructed by scanning the sample through the focal plane of

the microscope and image of different planes are acquired sequentially, limiting the
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FIGURE 2.8: (a) Simple light-field microscope schematic. A lenslet array
(LA) is placed at the image plane of a typical microscope and the cam-
era is set back by the focal length of LA. Each lenslet images a different
point in the sample plane, within the image produced by each lenslet
each point corresponds to a view of that point from a different direction.
Light propagation is shown from a single, on-axis point in the sample to
the detector (pink), individual ray traces (red, green, blue) indicate the
mapping of the angular views to pixels in the image. S: Sample; MO:
Microscope objective; BFP: Back focal plane; TL: Tube lens; LA: Lenslet
array; CCD: CCD camera. (b) Typical LFM image of Ca?* in C. elegans
showing 15 z—planes acquired from a single camera exposure. Scale bar
in (b) is 50 um. (a) adapted with permission from [50]. (b) used with
permission from [7].

volumetric acquisition rate. For example, by any wide-field imaging technique of a
cubic volume of side a, the imaging time scales linearly with a.

In LFM, positional information (i.e. lateral resolution) is sacrificed in order to simul-
taneously acquire angular information about the light emitted from a sample which can
be used to reconstruct the image of the whole sample volume from a single snapshot
image. This is achieved by placing a lenslet array at the traditional image plane of a
microscope (Fig. 2.8(a)). An unusual image is then formed after the lenslet array con-
sisting of an array of circles, one for each lenslet. Each circle in the image maps onto a
point in the sample and each point in the circle corresponds to the view of that point
from a different direction [50].

As each lenslet maps a point in the sample into the image, the spatial resolution
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is much lower than if a traditional microscope had been used. Assuming 100% fill
factor of the lenslet array, a LFM with N x N points per lenslet sub-image will yield
an image with N? fewer pixels than a traditional microscope image [52]. The benefit
gained is that N planes, axially offset by 7, = (2 + N)An/2NA?, can be retrieved from
the recorded image [50]. This allows whole volumes to be imaged in a single camera
acquisition and so very high temporal resolution can be achieved. Volumes of approx-
imately (700 x 700 x 200) wum?® have been imaged at a rate of 20Hz [7] and, with future
camera technology, could exceed 100Hz very easily. Figure 2.8(b) shows a typical LFM
image [7].

The limited spatial resolution cannot be improved simply by increasing the pixel
density due to diffraction, but can be recovered using 3D deconvolution. The algo-
rithms for this are computationally demanding and reconstruction of a volumetric im-
age can take 2-30 minutes depending on the size of the image, the resolution desired,
and the computer hardware available [7]. This reconstruction highlights a major lim-
itation of LFM, image post-processing is accepted, or tolerated, when the processing
time is comparable to the time for image acquisition, when the image post-processing
stage takes significantly longer than the image acquisition stage this introduces a bot-
tleneck in the user workflow. Coupling this with extremely high acquisition rates, a
huge amount of data may require processing at once. For example, for a 100s time-
series experiment with the parameters given above [7], processing would take 67-1000
hours if processed serially and parallelisation again depends on available hardware.
Other approaches have been developed to increase the spatial resolution of LFM, one
technique utilises an additional transform lens to invert the light-field distribution [53].
In this case, the lenslet array and single camera was replaced by a macroscopic array of
lenses, each focusing onto a different camera. Each "lenslet" captures a different angu-
lar view, and each point within this circle now corresponds to a different point in the
sample. If limited viewpoints are acquired, a high spatial resolution can be achieved

without deconvolution [53].
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2.3.4 Discussion of volumetric imaging techniques for live imaging

The techniques introduced above are all currently used for volumetric imaging. Confo-
cal microscopy, and its non-linear counterpart multi-photon microscopy, is the current
gold standard technique because of the high resolution and high contrast it can achieve.
With over 30 years of commercial development, confocal systems have many "bells and
whistles" such as automated and incubated sample stages, simultaneous multi-colour
acquisition, and user friendly control software, meaning end-users are quite happy to
design their experiment and research questions around the limitations of the confocal
microscope. This limits imaging experiments of dynamic specimens to small volumes
or a series of fixed specimens at various stages of a process due to the point-scanning
nature of the confocal microscope. Scan rates can be increased if the signal acquisi-
tion time at each point is reduced but this necessitates an increase in the illumination
intensity which causes more photobleaching of fluorophores and can cause other pho-
totoxic effects to the sample [5, 54, 55] and limits the number of times a specimen can
be imaged before it is expended.

LSM is a wide-field acquisition method and so is much faster than confocal mi-
croscopy, limited only by the frame-rate of the camera and the number of frames to be
imaged. With a LSM based on cylindrical lensing, each point of the sample imaged is
continuously illuminated and so the illumination intensity can be kept low, reducing
phototoxic effects [5, 54, 55]. With 1D scanning based LSMs, the illumination inten-
sity is higher as it must be time-shared between each line of the image, but can still be
minimised through synchronisation with rolling-shutter based cameras [56]. Volume
scans can be acquired rapidly and temporal resolution of about 1s/volume has been
demonstrated over the entire brain of a zebrafish embryo [6] "Scanless" methods, not
requiring any translation of the sample have been developed to increase volumetric
imaging speeds [57, 58]. Imaging deep within scattering tissues is still a challenge with
LSM due to the wide-field acquisition; the parallel nature of the acquisition means that
aberrations blur each PSF into its neighbours, lowering the resolution. This can be alle-
viated through use of structured illumination techniques [59] or confocal line apertures

[56, 60, 61] which increase in-plane acquisition times (about 2—5 times), and multi-view
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methods [41, 45, 56, 62—-64] which record multiple volumes of the sample from different
orientations and require rotation of the sample which slows the method. Additionally,
complex and computationally intensive volumetric image registration methods [63, 65]
are required to combine different views and sample motion may introduce artefacts
making multi-view LSM less suitable for monitoring of rapid processes but still suit-
able for long-term monitoring of slower changes such as embryonic development [45].

LEFM has, by far, the best temporal resolution over large volumes of all three meth-
ods discussed. However, it also has the lowest spatial resolution, although it can still
give 3D sub-cellular resolution over volumes approximately (700 x 700 x 200) um? [7].
This resolution is probably sufficient for rapid dynamical studies on the whole ani-
mal or embryo scale but for a full understanding of intricate processes, complimentary
studies on smaller volumes with slower, but higher resolving techniques may be re-
quired. LFM is essentially a wide-field acquisition technique and so image quality at
depth will degrade due to aberrations. This may be less severe in LFM as the spatial
resolution is low and aberrations have more of an effect on the highly inclined rays
associated with the outer-Fourier space and high-resolution.

One claim of LFM is that it has excellent light gathering power [50]. If, for example,
a 10 plane z-stack of a sample was to be acquired, a conventional microscope would
have to acquire 10 images sequentially whereas a LFM could acquire one image with
an array of 100 lenslets and compute the image with a lateral resolution which is 10
times lower in z and in y. The LFM image would have 100 times less voxels (volumet-
ric pixels) and so would have a SNR 100 times greater than the conventional image,
additionally the frame-rate is 10 times faster and so a 10 times longer integration time
could be used to increase the signal even further. This is beneficial in principle but
the comparison assumes a scenario where there is no shortage of light and intense
illumination will not adversely affect the sample. As previously mentioned, intense
illumination does have a negative effect on the specimen [54, 55] and fluorescence mi-
croscopy is a situation where the photon budget is extremely limited. LFM is a low
resolution but fast imaging method and fluorescence LFM will stay such until more
robust fluorophores are developed. Short acquisition times equate to a low SNR and

photo-bleaching and photodamage will result if the illumination intensity is increased.
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Additionally, the light that is collected from each point is distributed over over many
pixels on the detector such that the SNR on each pixel will be low.

Overall, although LFM is a very promising technique, some further progress is
needed for high resolution volumetric imaging of biological material. Its power mainly
stems from its excellent temporal resolution, but existing fluorophore photo-chemistry
is not efficient to provide appreciable signal on these timescales. LSM, on the other
hand, is based on an optimisation of existing fluorescence microscopy techniques and
can generate sufficient signal for biomedical imaging. LSM puts limitations on tempo-
ral resolution back on the hardware but is still able to acquire four-dimensional (4D)
datasets with high spatiotemporal resolution. It is also compatible with and compli-
mentary to a wide range of fluorescent imaging techniques making it a powerful tool
in almost any scenario. For this reason, LSM is chosen as a volumetric imaging tech-
nique to focus on and the use of beam shaping to improve upon LSM techniques is

discussed in Chapters 4 - 6.

2.3.5 Further developments in light-sheet microscopy

A number of innovations have advanced the LSM technique as discussed below. As a
strong emphasis of this Thesis is the use of beam shaping techniques for microscopy,
techniques which exploit novel photonics, rather than simply addressing engineering

challenges, are given focus.

Multi-view reconstruction in light-sheet microscopy

Light scattering in large specimens has precluded high-resolution LSM of large spec-
imens such as millimetre sized zebrafish and drosophila (Drosophila melanogaster) em-
bryos. Typically a standard LSM configuration, as shown in Fig. 2.7, can only yield a
high-resolution image of the regions of such large samples that are nearest to the illu-
mination lens, as the light-sheet is attenuated with propagation through the specimen,
and nearest to the detection lens, as scattering from the sample distorts the fluores-
cence emitted from deeper layers [4]1]. These issues can be mitigated by acquiring
multiple views of the specimen. This first issue was solved with the introduction of
a second light-sheet projected into the specimen from the opposite side of the FOV

[41]. As both light-sheets become broad on the distal side of the sample, simultaneous
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imaging with both light-sheets reduces overall image quality and so images acquired
with dual-light-sheet illumination must be sequentially acquired and computationally
fused which lowers the acquisition speed and increases the computational burden of
the method. This technique has been extended to utilise a second detection lens from
the opposing side of the sample to capture high-resolution data from the "back" of the
specimen [45, 62, 64]. Additionally, the sample can be rotated to acquire more views to
fill in regions that are not adequately covered by the dual-illumination-dual-detection
method alone. These methods necessitate enclosing the sample within a square of mi-
croscope objective lenses, while this is suitable for imaging small embryos, it is gen-
erally limiting specimen choice. Other methods have since been developed that allow
multi-view LSM using the standard LSM geometry (Fig. 2.7) in which both objective
lenses deliver light-sheet illumination and collect fluorescence [43, 44]. This system has
limited use at depth in large specimens but has less constrained specimen choice than

other multi-view LSM methods.

The confocal principle in light-sheet microscopy

The confocal principle has been applied to LSM. In this scenario the illumination is
generally a 3D focussed beam which is scanned across the sample, illuminating a line
of the sample at any given time. As this line is scanned across the sample, it is im-
aged onto a line aperture which rejects light not originating on the line of illumina-
tion [61]. Light scattering along the axis of the slit will still affect image quality and
degrade the SNR but this is greatly reduced from the case of unfiltered LSM which
is affected by scatting in any direction. The improved contrast comes at the price of
reduced imaging speed, as the scanning of the illumination line and confocal slit aper-
ture must be synchronised. Use of line scanning methods also allows the signal to
be coupled into an imaging spectrometer instead of a camera to perform Raman [66]
and hyperspectral [67] imaging, although this has also been demonstrated on full-field
LSM images using the "spectral knife edge" method [68]. Alternatively, a digital slit
can be applied to a series of images acquired for different illumination positions, or
by using rolling shutter camera acquisition modes [56]. Also making use of the con-
focal principle is swept confocally-aligned planar excitation (SCAPE) microscopy [69].

SCAPE microscopy combi