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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
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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



Chapter 2. Optical imaging in the biomedical sciences 29

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 combines highly inclined and laminated optical sheet microscopy
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[34, 70], oblique plane microscopy [34, /1], and a unique scanning-descanning system
to achieve efficient LSM over large volumes through a single objective lens without

translating the sample.

Adaptive optics in light-sheet microscopy

Adaptive optics (AO) for aberration correction has also been implemented in both the
illumination [72] and detection [73] pathways of LSM to enable better contrast and
resolution at depth within specimens. Aberration correction requires a pre-imaging
phase where aberrations are measured which limits use with rapidly changing sam-
ples. Both spatial light modulators (SLMs) and deformable mirrors (DMs) have been
used for AO in LSM. SLMs have low light efficiency but allow correction of severe aber-
rations, DMs conversely have a very high light efficiency but can only correct for low
aberrations. Therefore SLMs have been exploited in the illumination pathway whereas
DMs have been used to correct for aberrations in the detection pathway. Both meth-
ods utilised wavefront-sensorless correction procedures. Correction of the illumination
pathway has demonstrated improved image quality in highly turbid samples within
about 10 pm of the correction point [72]. Correction of the detection pathway revealed
that aberrations were mainly caused by the mounting capillary and a systematic cor-

rection could be performed prior to the experiment [73].

Structured illumination in light-sheet microscopy

Structured illumination (see Chapter 2.4.3 and Appendix A) can be readily imple-
mented with LSM to improve the axial resolution as described by Neil et al [74]. In
LSM, the periodic grating required for SIM has been created by a four-faceted symmet-
ric prism [75], but is more commonly generated by stepping a rapidly scanned light-
sheet in discrete steps [76—79]. In some of these implementations, a modified structured
illumination technique known as HiLo microscopy which combines images acquired
with uniform and modulated illumination [77, 79]. Modified structured illumination
algorithms have also been used to overcome aberrations occurring in the detection
pathway when imaging at depth by filtering out the ballistic fluorescence signal from
the scattered fluorescence background [59]. A number of raw image frames must be
acquired and processed to yield a SIM image [74] which reduces the imaging speed of
SIM based LSM methods.
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Stimulated emission depletion in light-sheet microscopy

LSM has also been combined with stimulated emission depletion (STED) concepts (see
Chapter 2.4.2) [80, 81]. STED allows the fluorescence emission volume to be restricted
by use of a second beam which depletes excited fluorophores [22, 82]. The emission
volume can be made much smaller than a diffraction limited spot. In LSM, STED has
been used to narrow the width of a light-sheet produced by a cylindrical lens. The
depletion beam is shaped to resemble a TEMy; Hermite-Gaussian mode and effectively
forms a light-sheet either side of, but overlapping with, the excitation sheet, narrowing
the thickness of the excitation light-sheet. This technique yielded an axial resolution of
0.68 pm, 40% lower than the standard LSM setup with the STED beam off [80]. Other
implementations have been proposed utilising scanned light-sheets and Bessel beams
for depletion [83]. The low intensity, low phototoxicity view of LSM may jar with the
high intensity and considerably high phototoxicity views of STED microscopy but the
combination of these techniques could yield a balanced imaging method where the

benefits of one mitigate the negative effects of the other.

Bessel beams in light-sheet microscopy
As mentioned previously, focusing of the light-sheet to widths much narrower than the
DOF of the detection lens is possible and allows for isotropic resolution imaging, this
beam shaping effectively gives a form of axial-super resolution although it is only valid
over a short FOV. The extreme case of this is confocal-theta microscopy [42]. Perhaps
the most common beam shaping technique utilised in LSM is the use of Bessel beams
to extend the FOV over which high-resolution can be achieved and their properties are
summarised below.

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) = Apexp(ik.z)Jn (k) exp(£ing) (2.14)

where 7, ¢, 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 =
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2/, Jp is the nth-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.

The Bessel beam is so-called "non-diffracting” because the cross section of its inten-
sity profile, I(r, ¢), is independent of its longitudinal position and resembles a central
bright spot, surrounded by concentric rings. Each ring contains an equal fraction of
the energy of the beam. In practice, a true Bessel beam cannot be created as it contains
infinite energy but quasi-Bessel beams can be created which exhibit non-diffracting
properties over a finite range'. A Bessel beam may be decomposed as a super-position
of plane waves converging on a cone with angle corresponding to k.. This can either be
formed from a annular ring aperture in the Fourier plane of a lens, illuminated with a
collimated beam of light (as shown in Fig. 2.9) or through the use of an axicon, a conical
lens [26]. From the properties of the Bessel function and simple geometric arguments
it can be shown that the size of the on-axis Bessel core has a radius, ry, and a maximum

propagation-invariant range, Zmq., given by:

2.405
To = (215)
ky
z R (Fourier annulus) (2.16)
AT arctan (r4/ f) '
0 (Axicon) (2.17)

Zmax = (n — 1)7

where R is the radius of the imaging lens, f is its focal length, r4 is the radius of the
annulus, wy is the beam waist of a Gaussian beam formed under spherical focusing
using an equal power lens, n is the refractive index of the axicon, and + is the opening
angle of the axicon [26].

The Bessel beam profile is formed from interference of rays propagating at an an-

gle to the optic axis. Therefore objects blocking the Bessel core do not permanently

'In this Thesis, all beams considered are the physical, finite aperture versions of the theoretical beam
type. From now on, quasi-Bessel beams will simply be referred to as Bessel beams.
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FIGURE 2.9: Bessel beam generation by annulus in the back focal plane
of a lens. Selected light rays transmitted through the annulus of radius,
4, is focused through a lens of radius, R, and focal length, f, and in-
terferes within the shaded cone. 2,4, is the maximum propagation-
invariant range, given by equation (2.16). The inset image (red box) gives
an example of the cross-sectional intensity distribution within the cone
(red line). Inset taken from [26]. Figure adapted with permission from

[26].

halt beam propagation and the beam profile will be restored after some propagation.
Bessel beams, and propagation invariant beams in general, are considered to be self-
reconstructing and resistant to aberrations [26].

Bessel beam generation by an axicon is more light-efficient as all the light con-
tributes to the Bessel beam. Annular generation of Bessel beams is very inefficient
as most of the input light is blocked by the annulus. However, the axicon method is a
near-field method whereas the annular method generates a Bessel beam in the far-field
and is therefore more readily compatible with other Fourier plane beam manipulation
methods and can be dynamically changed using programmable beam shaping devices
such as spatial light modulators (SLMs).

Returning to LSM, as Bessel beams can give a small core size over extended longi-
tudinal ranges compared to a focused Gaussian beam, it is perhaps an obvious choice
to utilise for high-resolution LSM, thus solving the problem of beam divergence. How-
ever, Bessel beams cannot be passed through cylindrical lenses as the conical distribu-

tion of wavevectors is lost and a chequerboard pattern results [26, 84-86]. A Bessel
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light-sheet must be generated by rapid scanning of the beam, this results in a very
broad cross-sectional profile and leads to a low axial resolution. A comprehensive
comparison between Gaussian and Bessel beam based DSLM in both single-photon ex-
citation (1PE) and 2-photon excitation (2PE) modalities is presented by Olarte et al [87]
and the theory underpinning this result is developed in Chapter 4. As the emission
profile for 2PE fluorescence is proportional to the square of the illumination intensity,
the side lobes of the Bessel light-sheet are greatly suppressed and yield excellent axial
resolution and improved penetration depth due to the longer wavelengths used [57,

] but at the cost of expensive pulsed laser sources required for multi-photon exci-
tation, a more limited choice of excitation wavelengths, and a more limited choice of
fluorophores which have strong multi-photon absorption cross-section.

Bessel beam based LSM (BB-LSM) in the 1PE regime must be combined with other
techniques to mitigate the negative effects from the broad cross-sectional area of the
beam. Line scanning confocal techniques have been used to reject light from all but
the Bessel core [60], which benefit additionally from the self-healing property of the
Bessel beam to preserve the illumination intensity across the image in scattering speci-
mens but rejects significant amounts of fluorescence generated from the side-lobes and
increases sample exposure and potentially increases photo-damage. Structured illumi-
nation can also support BB-LSM as was initially demonstrated by Planchon et al [20],
but this technique has since been refined [5, 46, 89]. In this method, a linear array of
Bessel beams is projected into the sample. For certain periodicities of the Bessel grat-
ing, the side-lobes interfere in such a way as to create a 2D array of lines comprised
of a few discrete Fourier components and can be used to perform 3D-SIM (see refer-
ence [32], Chapter 2.4.3, and Appendix A). The light-sheet illumination scheme allows
much higher SNR than can be achieved by normal SIM and with greatly reduced photo-
damage, however, the SIM algorithm requires at least 3 images to be acquired per plane
for reconstruction and so is expected to cause at least 3 times more photo-damage than

other techniques [5].
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2.4 Super-resolution microscopy

Abbe’s theory of image formation sets fundamental limitations on resolution as dis-
cussed in Chapter 2.2.1. It has since been demonstrated that these limitations were
only true in a certain specific context, and that these limitations can be relaxed if other
image acquisition schemes are employed. The following sections summarise a number
of techniques which go beyond Abbe’s predicted limit of spatial resolution. SR will
be defined as resolution beyond that which would be possible with a single objective
lens and given by equations (2.1) and (2.2). The suitability of each technique for live

imaging is then discussed.

2.4.1 4Pi microscopy

Although this technique is not strictly a SR technique as it exploits additional reso-
lution through the use of additional objective lenses, it is included here as it vastly
increases the axial resolution compared to traditional methods. Traditional microscopy
has a limited resolution due to the finite aperture of the collection optics. Fluorescence
is emitted isotropically from each point in the sample, and a typical microscope objec-
tive can capture, at most, half of the emission, in the case of high NA, oil immersion
lenses. This corresponds to approximately one hemisphere of the spherical emission
[8]. By utilising a second high NA objective lens, aligned anti-parallel and confocal,
on the opposite side of the sample (Fig. 2.10(a)), the remaining hemisphere can also be
collected and used to compose the image [90]. This technique is called 4Pi microscopy
as it allows access to nearly the full solid angle of the spherical fluorescence emission.
This method can be extended to use the confocal principle, wherein an intense point
light source is imaged through both objectives into a single point in the sample and
then the emission from this point is imaged through both objectives onto a point de-
tector. The interference of illuminating wavefronts from each objective lens produce
side-lobes on axis situated \/2 above and below the focal point which distorts the PSF.
2-photon excitation (2PE) is generally used to reduce the intensity of the side-lobes.
(Fig. 2.10(c); type-A). Figure 2.10(e) shows the increased axial extent of the MTF, in-

dicating increased axial resolution. The use of dual-confocal detection (Fig. 2.10(d,f);
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FIGURE 2.10: 4Pi microscopy schemes. (a) Optical system for a 4Pi
microscope showing the dual confocal pathways above and below the
sample. (b-e) Comparison of 4Pi illumination schemes. (b) Confocal
microscope scheme for comparison, (c) dual-confocal 2PE illumination,
single-confocal detection (Type-A), (e) Dual-confocal 2PE illumination,
dual-confocal detection (Type-C). (e-f) MTF of (e) Type-A and (f) Type-
C 4Pi microscopes showing increased axial extent. Dashed white line
shows 2% threshold of a confocal microscope for comparison. Figure
adapted with permission from [91].

type-C) further increases the axial resolution of the resulting image [90].

Due to the interference of the illuminating wavefronts, 4Pi microscopy does not
extend the lateral resolution by two times as may be expected considering the NA of
the microscope system has effectively doubled [90]. Instead, the lateral resolution is
modestly enhanced by up to 1.5 times the resolution of a single objective illumination
scheme. The main improvement is in the axial resolution, which can be improved
by up to 5 times compared to the diffraction limit of a single lens system [90]. The
4Pi microscope is a point scanning method so imaging time scales with the volume to
be imaged, it is most suitable for fixed samples where temporal resolution is not of
importance or for imaging small volumes in dynamic samples.

The construction of a 4Pi microscope is very similar to that of a confocal micro-
scope, and can therefore exploit the highly refined optical systems developed for this
(e.g. scanning mirrors, pinhole selection). The additional complexity of the system
stems from the precise alignment required between objective lenses, and of the opti-
cal pathways. The dual objective configuration limits the range of samples that can be

imaged as only thin, coverslip-based samples will fit in the microscope.
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FIGURE 2.11: (a) Energy level diagram of STED fluorophore showing vi-
brational levels of ground (Sy) and excited (S;) states showing excitation
(green), non-radiative (blue), fluorescence (yellow/orange), and STED
transitions (red). (b) Excitation and emission spectra of fluorophore
showing spectral separation of excitation (green line), STED beam (red
line) and fluorescence (yellow/orange area) which can be collected.

2.4.2 Stimulated emission depletion microscopy

Stimulated emission depletion (STED) microscopy exploits spatially selective promo-
tion of non-fluorescent atomic transitions to achieve narrowing of the emission volume
at the focus of a confocal microscope. Fluorescence emission is relatively broadband
but the emission bandwidth is much narrower if the decay process is driven, as is the
case in stimulated emission [22]. If a second laser (usually at a longer wavelength
than the fluorescence signal to be collected) is used to illuminate the sample at a wave-
length that drives stimulated emission of the excited state, fluorescence emission is in-
hibited. An energy level diagram (Fig. 2.11) illustrates the spectral separation required
for STED. The STED principle normally requires precise temporal control of excitation
and depletion beams to induce the correct photo-physical process at the correct time.
The fluorophore must be excited to an upper state by the excitation beam, then irradi-
ation by the depletion beam must occur before the fluorescence transition occurs. For
this temporal control, pulsed lasers with precise pulse delays were used [22, 52] but

implementations relying on stead-state conditions and utilising continuous wave (cw)

lasers are also possible [92].
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A) Excitation PSF B) STED-XY PSF C) STED-ZPSF D) STED-XY +Z PSF

FIGURE 2.12: Experimentally determined excitation (a) and depletion

(b-d) beam PSFs and their corresponding images of 100nm fluorescent

beads below (e-h). (b,f) A Laguerre-Gaussian optical vortex narrows the

PSF in z and y. (c,g) A bottle beam narrows the PSF along z. (d,h) In-

coherent combination of (b) and (c) narrows the PSF in 3D. Figure used
with permission from [93].

The concept of STED microscopy is to use different spatial distributions of fluores-
cence excitation and depletion light-fields to control and restrict the region of fluores-
cence emission [22]. This is demonstrated in Figure 2.12 which shows the excitation
PSF (the same as for confocal microscopy; Fig. 2.12(a)) and the depletion PSFs most
commonly used (Fig. 2.12(b-d)) along with the resulting images for each technique
(Fig. 2.12(e-h)).

The depletion beam used in Fig. 2.12(b) is a Laguerre-Gaussian mode, or optical
vortex, circularly symmetric in the = — y plane. It is produced by imparting a spiral
phase profile on a fundamental Gaussian mode [93] and contains a "dark core" of zero
intensity. As inferred from its shape and evidenced by the image in Fig. 2.12(f), this
depletion beam narrows the PSF laterally when the central intensity minimum of the
depletion beam is aligned with the focal spot of the excitation beam. The other com-
mon depletion beam is shown in Fig. 2.12(c) and is the "bottle" beam [23, 94]. This
beam has 2 intensity maxima, axially offset, which are connected by a weaker spheri-
cal shell of intensity. Figure 2.12(g) shows that this depletion beam gives mostly axial
enhancement of the PSF, although some lateral improvement is gained from the weak

shell. Figure 2.12(d) and 2.12(h) show the case of combining both depletion beams from
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Fig. 2.12(b,c) to give maximum 3D resolution.

The resolution of a STED microscope is well approximated by [52]:

(2.18)

T =
Y ONA I+ Lan /15

where I,,,4, is the maximum intensity of the depletion beam and Is is the saturation
intensity of the fluorophore. By increasing the intensity of the depletion beam, the res-
olution can be increased infinitely”. A limitation on the resolution that can be achieved
with STED stems from engineering fluorescent dyes that can be excited and depleted
at suitable wavelengths, and that can withstand prolonged exposure to high depletion
beam intensities. STED has demonstrated resolutions of structures as small as 2.4nm in
very specific scenarios [95] but in biological samples the lateral resolution is typically
on the order of 40nm [92, 93, 96].

STED microscopy is a point-scanning method which limits the speed of imaging for
large specimens, although it is a direct observation method in the sense that each point
imaged has super-resolution and does not require combination of multiple images to
achieve the enhanced resolution. Parallelised methods have been implemented which

improve imaging speed but at the cost of increased optical complexity [97, 95].

2.4.3 Structured illumination microscopy

All microscopy techniques that employ the spatial control of illumination are techni-
cally structured illumination techniques; SIM is a term that describes a specific method
where the illumination takes the form of a 1D or 2D periodic grid pattern consisting of
only a few discrete Fourier components. SIM was originally developed as a method to
yield optically sectioned images from a wide-field microscope [74] but was shown later
by Gustafsson to be capable of lateral resolution enhancement also [99], and eventually
extended to yield both lateral and axial resolution enhancement [32]. A summary of
the SIM technique is presented below, a more detailed description of the theory can be
found in Appendix A.

SIM was originally developed as a technique to achieve wide-field optical section-

ing [74]. Neil et al illuminated the sample with light modulated in a sinusoidal pattern.

The resolution of a fluorescent microscope cannot exceed the spatial extent of a single fluorophore.
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This grating is sharply focussed only at the focal plane of the microscope, away from
the focal plane each line of the grating is broadened and all blur together. This yields
an illumination which illuminates only part of the focal plane, but gives uniform illu-
mination to areas of the samples outwith the focal plane. Now if the grating is laterally
translated, different regions of the focal plane will be illuminated at each position but
the out of focus background signal will remain constant. Three images are acquired
with 27/3 phase offsets to ensure that every point of the focal plane is maximally il-
luminated in at least one acquired image and fed into an algorithm. To use a simple
analogy, the algorithm plays "spot the difference” with the images to separate out the
modulated signal, originating from the focal plane, from the unmodulated signal, orig-
inating from the out of focus regions of the sample.

The use of patterned illumination was also found to enable higher resolution imag-
ing than was previously possible. Gustaffson realised that the use of a periodic grating
encodes high-frequency information, normally unobservable by the microscope, on a
lower frequency carrier signal through the phonomenon of Moiré fringes [99]. This
method is particularly beneficial in comparison to confocal microscopy because the res-
olution enhancement is achieved without rejecting any signal emitted by the sample.
The principle of resolution enhancement by SIM is illustrated in Fig. 2.13.

Figure 2.13(a) shows the typical toroidal OTF of a microscope. Figure 2.13(b)
demonstrates the principle of Moiré fringe formation. This difference frequency gener-
ation allows other regions of the sample’s Fourier space to be observed by the micro-
scope. Figure 2.13(c) shows the extended regions made accessible by sinusoidal illu-
mination with a spatial frequency corresponding to half the diffraction limit, yielding
optical section or an axial resolution benefit. Figure 2.13(d) shows the extended Fourier
space imaged with a spatial frequency corresponding to the diffraction limit, yielding
enhanced lateral resolution two times beyond the diffraction limit. Three images, each
with the illumination grating laterally offset (a phase delay), are required in order to
separate the information from each Fourier region and restore it to its original location
[99]. The lateral resolution enhancement is only achieved along one axis, and must be
repeated along other directions in order to fill a circle of the Fourier space, typically 3

orientations of illumination grating are used, mutually offset by 60° [99].
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FIGURE 2.13: Extension of the OTF support range by structured illumi-
nation in various schemes. (a) z —y (top) and x — z (bottom) cross section
of toroidal OTF. The dashed lines indicate the maximal extent of the OTF,
corresponding to spatial frequencies of 2NA /) laterally and NA? /2An
axially. (b) Principle of Moiré fringe generation. (c) Extension of the OTF
for optical sectioning (axial enhancement). (d) Extension of the OTF for
lateral resolution doubling. (e) Extension of the OTF for lateral and ax-
ial resolution doubling. In (c-e) the dashed lines bound the traditional
OTF, the extended OTF is shaded blue, and the Fourier components of
the illumination are shown by red dots.

More complex illumination patterns, containing simultaneous lateral and axial
modulations can achieve a 3D resolution enhancement. Figure 2.13(e) shows the ex-
tension of the Fourier space achieved using a grating with cross-section resembling a
hexagonal lattice [32].

SIM is compatible with all standard fluorophores and only requires standard illu-
mination intensities to yield a significant SNR. As a wide-field imaging method, SIM
is intrinsically fast even if it is 15 times slower than standard wide-field microscopy.
The main limitation to temporal resolution comes from the methods used to accurately
shift the phase and orientation of the illumination grid.

Non-linear implementations of SIM (NL-SIM) rely on generating higher, harmonic

Fourier components from the illumination pattern through the non-linear response of
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the fluorophore to the illumination intensity [100]. A number of methods have been
proposed to induce such a non-linear response, most notably fluorophore saturation
[100, 101] and the use of photoswitchable fluorophores [102-104]. These methods can,
in principle, give unlimited resolution but require an increasing number of raw images
to be acquired with different grating phases and rotations to yield a SR image. To
date, most uses of NL-SIM give lateral enhancement only and attain a resolution of

approximately 45nm [100, 102].

2.4.4 Photoactivated localisation microscopy & stochastic optical recon-

struction microscopy

Photo-activated localisation microscopy (PALM) and stochastic optical reconstruction
microscopy (STORM) are both founded on the same principle but differ in their imple-
mentation. Consider the image of a single isolated fluorescent molecule. Although the
image is diffraction limited, the knowledge that a only a single molecule constitutes
the image allows more precise localisation of the molecules position through determi-
nation of the centre of the image spot. Neglecting background noise, the error in the

estimation of the particle position is given by:

S

0. N ——
z,Y \/N

where s is the standard deviation of a Gaussian model of the microscope PSF and N

(2.19)

is the total number of photons detected from the particle [105]. By this method, a sin-
gle molecule may be localised to within nanometre precision. The concept of PALM
and STORM is simple: if a number of images can be acquired sequentially, each con-
taining a sparse subset of emitting fluorophores separated such that each diffraction
limited image spot contains only one molecule, then a SR image may be obtained. This
is simple for sparsely labelled specimens in which spatial resolution is not of strict im-
portance [106, 107] but ensuring the sparsity of emitting fluorophores is challenging in
microscopy, where fluorophore density can be as high as 10° um=2 [105].

In PALM, the criteria that only a small subset of fluorophores can emit in a given
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image frame is ensured through the use of photo-activatable fluorescent proteins (PA-
EPs) - fluorophores which are naturally in a non-fluorescing conformation but which,
by absorption of light, undergo a conformational change which allows fluorescence
excitation and emission (for example photo-activatable green fluorescent protein (PA-
GFP) [108], Kaede [109]). PA-GFP is a PA-FP which exists in a non-fluorescing state
until exposed to light of A = 413nm and can emit ~ 10*~° photons before permanently
photobleaching [108]. By equation (2.19), this can potentially give very good localisa-
tion.

To acquire a SR PALM image, a small fraction of fluorophores are activated by ir-
radiation with low intensity A = 405nm light, the activation light is then turned off
and fluorescence is excited in the sample. Multiple image frames are collected until the
activated fluorophores become photobleached. The process is then repeated until all
PA-FPs, or enough to construct an accurate image of the desired structure, have been
activated and bleached. In each recorded frame, the isolated intensity spots are fitted
with a Gaussian function to determine their centre and the results from all frames are
combined to yield a single SR image [105, ]. With PALM, the process is irreversible,
as activated PA-FPs are permanently bleached during the acquisition process.

STORM maintains a sparse distribution of fluorescing molecules by exploiting dif-
ferent photophysical processes. STORM exploits photo-switchable fluorescent proteins
(PS-FPs) which can be activated to a fluorescing state from exposure to light of a partic-
ular wavelength but can also be switched back to a non-fluorescing state by exposure
to light of a different wavelength. The first such molecule was a pair of cyanine dyes,
Cy5 bound in close proximity to Cy3 [111]. Red laser light, which produced fluores-
cence from the Cy5 molecule, would also switch the molecule to a non-fluorescing
state, and the molecule could be re-activated by irradiation with green laser light [112].
More recently, photo-switching has been shown to be unnecessary for STORM imag-
ing as a number of "blinking" dyes have been identified, which allows more standard
fluorophores, in the presence of additional chemical buffers, to stochastically and re-
versibly switch between fluorescing and non-fluorescing states [113].

The acquisition process for STORM is very similar to that used for PALM. The sam-

ple is continually illuminated for fluorescence excitation. If PS-FPs are used, a low
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intensity activation beam irradiates the sample such that a small but random fraction
of the fluorophore population is continuously re-activated to produce a blinking effect.
If naturally blinking samples are used, no additional steps are required. The intensity
spots from each individual frame are then fitted and localised to compose a SR image
as for PALM [112].

While PALM and STORM are very similar, they are fundamentally different and
targeted for different applications. Due to the necessity for photobleaching of acti-
vated PA-FPs, PALM is not suitable for longitudinal studies on the same sample as
the fluorophore population is depleted during the acquisition of a single SR image,
whereas STORM continuously cycles the same fluorophores and so multiple STORM
images can be acquired in series. The stochastic nature of STORM makes association
of intensity spots across multiple recorded frames with a specific fluorophore difficult
whereas in PALM, a fluorophore is bleached before acquiring information from others
in close proximity and so greater photon statistics can be readily attributed to specific

fluorophores.

2.4.5 Near-field scanning optical microscopy

The super-resolution techniques discussed so far are all far-field methods and are sub-
ject to diffraction. Light transmitted through a sub-diffraction limit aperture retains
accurate information of the aperture shape in the near-field, and it is only upon propa-
gation into the far-field that this information is lost. Hence, by using very small aper-
tures to confine light, volumes smaller than the diffraction limit may be probed. Pohl
et al, who were amongst the first to demonstrate this technique optically [114], com-
pared this technique, somewhat incorrectly [115], to a doctor’s stethoscope, however
the analogy is still illustrative of the technique. With a stethoscope, a doctor may lo-
calise the position of the heart to within 10cm by scanning the stethoscope across a pa-
tient’s chest, listening to the sound of the heartbeat. Pohl assumed a sound frequency of
30 —100Hz and a wavelength of 100m, therefore the resolving power of the stethoscope
is approximately A/1000, much more powerful than the \/2 resolution of far-field mi-
croscopy. In a similar manner, near-field scanning optical microscopy (NSOM) involves

scanning a sub-diffraction limited aperture across a sample [114, 116].
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The intensity distribution remains comparable to the aperture shape, only over
propagation of approximately half a wavelength so the NSOM probe must be very
close to the sample (~ 250nm for visible light). Therefore it is preferable to have a probe
that is sharply focussed and narrow in order to reach recesses of a rough sample sur-
face. These probes generally consist of tapered glass pipettes, coated with a thin layer
of aluminium [115]. The light is funnelled towards the pipette tip and the aluminium
coating creates the aperture. Apertures much less than 100nm can be fabricated. A
simplistic estimation of lateral resolution is given by the aperture width [114].

The near-field light is evanescent, and the intensity decay is approximately expo-
nentially with increasing distance from the aperture. The axial response can therefore
be very sensitive. The detected signal, which is back-scattered illumination or fluores-
cence emission, is collected back through the aperture and focused onto a detector, and
is proportional to the exponentially varying illumination. Axial resolution can reach
several nanometres due to this strong axial variation in signal [115, 117] but this limits
the applicability of SNOM to the outer surfaces of structures.

NSOM scanning is point-by-point mechanical and so requires highly stable and
accurate micro- and nano-positioning equipment and is generally slow [115, 117]. Long
acquisition times are also common as the signal that can be emitted from such small
volumes is typically very weak. Schemes exploiting multiple apertures to parallelise
measurements have been explored [115] but the overall width of the probe is increased

and makes structural recesses inaccessible.

2.4.6 Discussion of super-resolution techniques for live imaging

As summarised above, there are a wide range of SR imaging techniques available
which all differ greatly in their implementation and their efficacy. The details of these
techniques, as well as some examples of spatial and temporal resolution presented in
literature are summarised in Table 2.1.

While the techniques discussed above differ significantly, they all share one com-
mon theme: spatial resolution may be gained at the cost of temporal resolution. Point

scanning methods such as 4Pi microscopy, STED microscopy, and NSOM all directly
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Method Modality Complexity E:oﬂo%roﬂm :—.Easmwﬂos Theoretical
choice intensity Tz,y s Tt
4Pi Point scanning High All High &_U.Wm >_wwm Low
STED Point scanning High Limited High 00 00 Low
SIM Wide-field Moderate All Moderate Em_um >w_um ZHme
NL-SIM | Wide-field Moderate Limited High 00 co | Appe
PALM Wide-field Low Limited Low oo | Abbe | V. Low
STORM Wide-field Low Limited Moderate 00 oo | V.Low
NSOM | Point scanning High All Moderate | 20nm | 2nm | V. Low
Method Example Additional notes
Tz,y [Nm] | ., [nm] | r¢ [s] Ref.

4Pi 160 80 90 [90] Thin samples only. Hard to align.

STED 35 90 2400 [93] Low intensity methods becoming available
(RESOLFT [22, 118]).

SIM 120 250 1.5 N/A Example resolution given from performance of
Nikon N-SIM

NL-SIM 45 100 0.5 [102] TIRF used additionally in example to achieve
enhanced axial resolution.

PALM 80 80 500 | [105, 110] | Resolution limited by number of photons col-
lected from each fluorophore. A priori knowl-
edge of fluorophore density required.

STORM 25 50 120 | [119, ] | Resolution limited by number of photons col-
lected from each fluorophore.

NSOM 20 2 6000 [117] Surface imaging only. Slow due to physical
(not optical) scanning.

TABLE 2.1: Summary of key parameters of selected super-resolution techniques. Theoretical estimations and examples from liter-
ature for the lateral, axial, and temporal resolutions, r ,, r,, and r; respecitvely. Due to differences in the exact imaging scenario,
example resolution values may not be directly comparable across all imaging methods.
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observe a sub-diffraction limited point, however this must be scanned to image a vol-
ume, and as a smaller point is used, the scan will take more time. Wide-field methods
like SIM, PALM, and STORM capture an image of a large area simultaneously but mul-
tiple images must be acquired to construct a SR image. This may not be a drawback
if fixed samples are to be imaged but presents challenges for live imaging. Live spec-
imens require specific environmental conditions that may be difficult to replicate on a
microscope stage for prolonged periods of time, and more importantly live specimens
move which can cause image blur if long acquisition times are required.

Sample motion intrinsically couples the spatial and temporal resolution of a mi-
croscope. A spatial resolution of xnm is meaningless if the feature of interest in the
sample moves greater than z in the time taken to acquire the image. For example, Ta-
ble 2.1 shows that STORM has a lateral resolution of 25nm and a temporal resolution
of about 2 minutes per SR image [119]. If a freely moving particle is imaged, a dif-
fusion velocity of only 12.5 nm/min will be sufficient to blur the image and give an
apparent resolution that is only 50nm, twice as large as expected. In terms of general
live SR microscopy, this rules out NSOM and PALM/STORM, although they may be
suitable for specific live imaging applications. Point scanning techniques are generally
only suitable for imaging small sections of live specimens as the imaging time scales
linearly with the volume to be imaged.

Point scanning methods typically utilise high intensity illumination in order to ac-
quire an appreciable signal at each point in the scan. STED microscopy employs even
higher intensity beams for depletion of fluorescence, and the sample can experience ir-
radiation by cw intensities of over 100kW/cm? [32] and peak intensities up to 250MW
/cm? have been reported [121]. Fluorophores are sensitive to light exposure and can
photobleach very quickly in the presence of such high intensities [122]. Additional
photo-damage to the biological specimen is often overlooked when quantifying imag-
ing techniques but high intensity visible exposure has been shown to cause morpholog-
ical defects during embryo development [54] and also to cause unwanted extraneous
stimulation of the optic nerve [123]. For these reasons, it is preferential for live imaging

to use a wide-field method which makes more efficient use of the photon budget.
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Linear and non-linear implementations of SIM also require multiple images to con-
struct a SR image but the number of images is relatively small - 9 images can yield
120nm lateral resolution across the entire image plane. Improvements in microscopy
hardware are allowing faster and more sensitive image acquisition and more flexible
control of beam shape. This can be seen in Table 2.1 which shows that the temporal
resolution of a state-of-the-art NL-SIM system is faster than a commercial SIM system
even though it must acquire at least twice as many raw image frames. Although other
SR methods can achieve much higher spatial resolution, structured illumination meth-
ods have the best temporal resolution.

The demonstrated temporal resolution available with SIM, coupled with its wide-
field acquisition and efficient use of the photon budget, its compatibility with all stan-
dard fluorophores, and its fairly low complexity, make SIM the current SR microscopy
method of choice for live imaging applications. This Thesis explores the use of linear
SIM for SR microscopy. Chapter 7 explores the use of SIM for diagnosis of fixed renal
tissue sections. Though not a live imaging application, the speed of diagnosis can have
a great impact on patient well-being and make more efficient use of finite man-power
and hospital resources. Chapter 8 explores combination of SIM with optical manipula-

tion to add functionality to the microscope.

2.5 Conclusions

This Chapter has described a range of optical (fluorescence) microscopy techniques
developed for volumetric imaging and for SR imaging. Each technique has been dis-
cussed and compared for the purpose of live imaging where speed and photo-toxicity
are critical parameters to consider.

For the imaging of large volumes, LSM is selected as the optimal technique, al-
though LFM does show promise and merits future investigation. A number of methods
have been exploited to overcome challenges associated with LSM, such as shadowing
artefacts and limited axial resolution. The use of shaped light modes, most notably the
Bessel beam, has shown the greatest potential in combination with LSM and so more

beam shaping methods for LSM are considered in this Thesis. Chapter 4 considers the
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properties required for high-resolution LSM over a large FOV and explores the use of
an Airy beam for light-sheet illumination. Chapter 5 applies such an Airy beam based
LSM to the problem of imaging at depth within turbid tissue (mouse brain slices) and
compares performance against a Gaussian light-sheet in both normal and chemically
cleared tissues. In Chapter 6, the Airy light-sheet principle is built upon with more
advanced beam shaping strategies to increase light-sheet penetration depth and image
uniformity in scattering tissue.

For imaging with excellent (super-) resolution, SIM is selected as the technique of
choice for live imaging and long term observation. Although best suited for live spec-
imens, the high temporal resolution offered by SIM can also be beneficial in a number
of applications where fixed tissue is imaged but time constraints exist due to external
factors rather than sample motion, such as medical diagnosis. Chapter 7 investigates
the use of SIM to resolve diagnostically relevant features of nephrotic disease in kid-
ney biopsy sections. In Chapter 8, optical trapping (see Chapter 3) is integrated into a
microscope with SIM capability to give control over dynamic systems whilst imaging,
working towards a functional SR microscope.

Although the challenges of large volumetric imaging, SR microscopy, and optical
manipulation are addressed separately in this Thesis, a long-term goal would be to

combine and integrate these techniques to achieve superior imaging techniques.






Chapter 3

Optical manipulation in the

biomedical sciences

3.1 Introduction

The concept of moving and manipulating objects using only light originates from the
17th century when Johannes Kepler observed that the tails of comets always pointed
away from the Sun and attributed this to a radiation pressure [124]. This idea was rein-
forced by developments in understanding at the turn of the 20th century: the Nichols-
Hull experiment, demonstrating optical force [125, 126]; and Beth’s experiment which
demonstrated optical torque [127].

The magnitude of photon flux achievable in a laboratory setting is minuscule com-
pared to that produced by the Sun and as such the optical forces which can be exerted
are very small (on the order of a few picoNewtons) and were to remain unexploited for
several decades. However, a smaller force simply needs a lighter object to act upon in
order to yield significant acceleration and displacement. Moving from an astronomi-
cal scale to the laboratory necessitates the transition from macroscopic to microscopic
objects.

In 1970, Ashkin performed the first demonstration of controlled optical manipula-
tion of microscopic particles [128]. He demonstrated that focused laser light could pro-
pel microspheres (1 — 2 um), and that two counter-propagating beams could be used
to hold microparticles in place. Ashkin et al went on to show that a single, tightly fo-
cused laser beam is sufficient to optically trap particles in both the lateral and axial

confinements of the beam’s focal spot [129]. This 3D optical confinement has become

51
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known as "optical tweezers". An optical trap is an overdamped harmonic oscillator
[124], behaving like an ideal Hookean spring, and can be well characterised.

Advances in beam steering and beam shaping technology have greatly extended
the potential applications of optical tweezers. Acousto-optical beam deflectors [130]
and scanning mirrors [131] enable dynamical trapping of multiple particles in time-
shared optical traps, much like spinning plates. Multi-beam interference [132] and spa-
tial light modulators (SLMs) [133] also allow the creation of multiple dynamic traps.
SLMs and fabricated diffractive and refractive optical elements, such as axicons [134],
can generate non-Gaussian light modes which may be exploited for novel optical trap-
ping applications. Laguerre-Gaussian beams [135], with an annular intensity profile
with an optical vortex, or singularity, at its centre, have found applications in optical
manipulation. These beams carry orbital angular momentum due to the helical wave-
fronts of the beam, and can cause particles to transit around the annulus [136]. The
central intensity maximum of a Bessel beam can be exploited as an optical conveyor
belt to passively transport microscopic particles over large distances [137]. In a similar
manner, Airy beams can be used to move particles along curved trajectories and have
been utilised to create an "optical snowblower" for moving particles between walled
micro-chambers by transporting the particles up and over the wall [29].

Optical tweezers have revolutionised our understanding of the micro-world. The
biological sciences in particular have benefited greatly from the ability to place and ma-
nipulate biological matter on a cellular scale in a sterile, non-contact way. This spatial
and temporal control of populations of cells has enabled cell interaction studies, obser-
vation of phagocytosis [136-140], virus transfer [141], and the immunological synapse
[142, ] over the full evolution of these processes, and even the construction of syn-
thetic tissue systems [144]. Optical tweezers can also be applied as force transducers,
able to measure picoNewton [145] and even attoNewton forces [146] and have eluci-
dated a number of biological mechanisms such as the motion of kinesin and dynein
along cytoskeletal filaments [147-149], and even the growth of these filaments [150,

I

This Chapter describes the origins of forces in optical traps and optical tweezers

and how these can be quantified and characterised. The use of optical manipulation
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in biomedical microscopy is also discussed, which leads on to a discussion of compact,

fibre optical implementations of optical manipulation.

3.2 Forces from an optical trap

The mechanisms underpinning optical trapping depend on the relative size of the
trapped object to the dimensions of the trap beam focus. When the diameter of the
trapped particle is much smaller than the beam focus (d < ), the Rayleigh approx-
imation is valid and the particle can be considered a point dipole in an electric field
gradient [129]; if the particle is much larger than the beam focus (d > ), then the Mie
approximation is valid and a geometric optics approach may be used to consider mo-
mentum transfer [152]; for particles of intermediate size (d ~ )), the interaction falls
into the Lorentz-Mie regime which requires complex modelling [124] and so will not
be considered in this Thesis. However, it was shown that geometric optics reasonably
approximates the angular intensity distribution as given by Mie theory for sphere sizes
as low as r = 10\/7 (see Chapter 12 of [153]) and that major discrepancies between

methods occur at angles contributing very little to the total optical force [152].

3.2.1 Trapping in the Rayleigh regime

To consider optical forces in the Rayleigh regime, consider focused light incident on a
transparent dielectric sphere with a diameter 2r < \ and refractive index ng, immersed
in a medium of refractive index n; such that the effective refractive index, m = ny/ny,
is greater than unity. The sphere behaves like a point dipole in an inhomogeneous
electric field. The forces acting on the dipole along the direction of light propagation
are the scattering force, F;, and the gradient force, F;, which are given by:

F, (3.1)

_ Ip 128778 (m? —1)?
¢ 3\ m2+1

3 2 _ 1
F,=-" (m >VE2 (32)
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where E is the electric field amplitude of the incident light and Iy o E? is the light
intensity [129]. Conservation of momentum dictates that the scattering force pushes
the dipole forward along the optic axis of the incident light as the light is scattered
isotropically from the particle. The scattering force increases linearly with the incident
light intensity. The gradient force scales with the gradient of the intensity (V E?) and the
force is directed towards the intensity maximum (i.e. the beam focus). This highlights
the necessity for a tight beam focus and the use of high-NA microscope objectives to
facilitate single-beam optical trapping; if a weakly focused beam is used it will not
generate sufficient gradient force to overcome the scattering force and so the object will
not be trapped stably. Another consequence of this force behaviour is that if the particle
has a refractive index index lower than the surrounding medium (m < 1) then both Fj
and F, undergo a sign change and the particle will be repelled away from the beam
focus. Figure 3.1(a) shows a schematic of the optical forces and their directions acting

on a high-index (m > 1) Rayleigh sphere in a focused Gaussian beam.

3.2.2 Trapping in the Mie regime

For particles in the Mie regime, consider the Rayleigh sphere above now fulfills the
criterion 2r > A. In this case geometrical optics can be used to determine the opti-
cal forces; the evolution of individual light rays can be traced as they scatter or refract
from the surface of the sphere. As long as the Mie criteria is satisfied, there is no need
to consider the Gaussian nature of the beam at focus, and rays that focus to an infinites-
imal point are valid due to the large size of the sphere relative to the beam focus. Each
ray has a defined intensity, direction, and polarisation; for a Gaussian beam which
sufficiently overfills the input pupil of a lens, all rays will have similar intensity and
uniformly fill a cone with maximum angle given by the numerical aperture of the lens.

Consider a pair of isolated rays incident of the sphere which are symmetric around
the optic axis and act through the centre of the sphere. Light scattering from the particle
will occur in the backwards direction, the change of momentum for each ray perpen-
dicular to the optic axis will cancel each other whereas the parallel components will
add, resulting in a forward acting force on the particle. Small displacements of the

sphere from beam focus will still result in a force which has some component pushing



Chapter 3. Optical manipulation in the biomedical sciences 55

c)

e SERls  SERUe R

FIGURE 3.1: Schematic diagram showing optical forces acting on high-
index (m > 1) dielectric spheres in the Rayleigh (a) and Mie (b-c)
regimes. The scattering and gradient forces, F; and F,, are labelled by
black arrows, The total optical force, F, is denoted by a white arrow,
the equilibrium position is marked by a faint circle with dashed out-
line. (a) The scattering force acts in the direction of beam propagation
whereas the gradient force is directed towards the beam focus. (b) Iso-
lated rays from a Gaussian beam (intensity denoted by line thickness)
reflected from and refracting through a sphere displaced to the right, the
total force is directed to the left. (c) Isolated rays on a sphere displaced
axially downwards, the total force is directed upwards.

the sphere in the direction of beam propagation. Light refracting through the particle
centred on the beam focus will generate no force, the light rays will exit the particle
with the same angle as they enter and there will be no net momentum transfer. Small
displacements of the sphere from beam centre will result in a net momentum change
in the light that causes a force on the sphere directed back to the beam focus. Figures
3.1(b,c) illustrate the forces on a high-index Mie sphere in a focused Gaussian beam
which is displaced laterally and axially from the trap equilibrium position respectively.

Ashkin calculated the forces acting on a dielectric sphere using this model by con-
sidering the initial reflection, with power PR, and the infinite series of refraction events
with power PT?, PT?R, ..., PT?R", of an incident ray with initial power, P. R and T
are the Fresnel reflection and transmission coefficients respectively for the medium-

sphere interface at angle 6. Grouping all the contributions parallel to the optic axis as
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the scattering force, F, and all the perpendicular contributions as the gradient force F,

yields the expressions:

ni1 P T?[cos(20 — 2¢) + R cos 20]
Fo=——|1 20 — .
? c ( + Reos20 1+ R?+2Rcos2¢ (33)
~ mP , T?[sin(20 — 2¢) + Rsin 26)
Fy = c (R sin 20 1+ R? + 2R cos2¢ S

where ¢ is the angle of the refracted ray given by Snell’s law [152]. R and T vary as
a function of the input beam polarisation and as a function of the absolute refractive
indices, n1 and ny. An effective index of refraction, m, greater than unity ensures the
sphere acts as a positive lens and focuses the refracted light. For m < 1, R, T, 6, and
¢ are altered, create a negative lensing effect, and a repulsive gradient force [154, 155].
The balance of the scattering and gradient forces stably hold a particle in place close to
the beam focus, but offset along the direction of beam propagation by a small distance.

Equations (3.3) and (3.4) can be re-expressed as:

P

F, = QSan (3.5)
n1 P

@:Qf%f (3.6)

where @ and @, are dimensionless parameters which depend on the geometry of the
incident beam and the trapped particle. The total force acting on a particle is then:

F:Q%? (3.7)

where Q| = (Q? + Qg)l/ 2. Figure 3.2 shows the dependence of incident angle on Q,
Qg4, and Q for an isolated ray with circular polarisation and again highlights the neces-
sity for high angle rays (i.e. a strong intensity gradient) in order to achieve a strong
optical trap. The Q-factor gives a measure of force independent of the incident power
and so can be considered as a measure of quality of the optical trap. The maximum

theoretical value for @ is 2 but in practice this is much lower. Figure 3.2 shows that
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FIGURE 3.2: Plot of |Qs|, |Q4|, and |Qmqg| = |Q| versus incident angle 0
for a single, circularly polarised ray incident of a sphere with m = 1.2.
Figure used with permission from [152].

some highly inclined rays can achieve () ~ 0.5 but, integrated over the incident beam,

experimentally ) < 0.3 is typical [152].

3.3 Characterisation of an optical trap

It is interesting to consider that most optical trapping occurs in the Lorentz-Mie regime
[124] despite the lack of accurate, analytic theory, and most studies adopt a character-
isation and calibration based approach to determine the Q-factor and overall perfor-
mance of their optical traps. The optical trapping probe presented in Chapter 8 is used
to trap small microspheres and cells with diameters in the range 1 — 10 um and so fall
into this category. Consideration is given to the methods commonly used to calibrate
an optical trap.

An optical trap behaves as a microscopic Hookean spring and a linear restoring
force will be felt by the particle for displacements up to several hundred nanometres
from the equilibrium position. Optical trapping is generally performed in an aqueous
medium and, in this case, the motion of a trapped particle is given by the Einstein-

Ornstein-Uhlenbeck theory of Brownian motion and a Langevin equation with the
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form:

0%x(t Ox(t
m angs) + % 255) + kerap(t) = (2kpT0)"*n(t) (.8)

where z is the displacement of the particle from the equilibrium position of the trap,
m is the mass of the trapped particle, vy is the Stokes drag coefficient for a spherical
particle in a fluid, ki, is the trap stiffness and equivalent to the spring constant of a
Hookean spring, (2kpT0)"/?7(t) is a random Gaussian function representing Brown-
ian motion at temperature, T, and kp is Boltzmann’s constant [124, ]. Equation (3.8)
has been represented in one dimension for simplicity.

The inertial term in equation (3.8) can be neglected as the energy loss due to friction
occurs on timescales given by the characteristic time, ¢;,c, = m /7o which is typically
10 — 100ns whereas the characteristic relaxation time of the optical trap is on the order

of milliseconds [156] and can be simplified to:

o (1)
10"y

+ kirapr(t) = (2ksTy0)"/*n(t) (3.9)

which fully describes the observed motion of a trapped particle for small displacements

from the trap equilibrium position.

3.3.1 Hydrodynamic-drag method

One of the simplest methods to calibrate an optical trap is to induce a fluid flow around
the trapped particle. Neglecting the Brownian motion term in equation (3.9), the op-
tical force on the trapped particle will be equal in magnitude to the Stokes drag force
for small displacements of the particle from the trap equilibrium position. The trap

stiffness will then be given by [157]:

YoV flow
X

kirap = — (3.10)

The negative sign here is due to the opposing directions of the Stokes and optical
forces. The flow velocity can be easily controlled using a motorised stage to move the
sample chamber around a fixed optical trap at a known velocity. For this calibration

method, the bead displacement, z, must be known, which requires accurate knowledge
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of the trap and bead positions. These measurements are easily made with nanometre
precision even with a simple CCD camera, as the centre-of-mass (COM) of the trapped
particle can be easily determined from images of the bead with and without fluid flow.
Brownian motion of the particle will result in a small experimental error that can be
mitigated by repetition.

A measurement of trap performance that is independent of trap displacement, z,
can also be performed using the hydrodynamic-drag method if the flow velocity is
such that the Stoke’s drag just overcomes the optical forces and the particle becomes
freed. At this point, the linearity of the optical trap is invalid and so the trap stiffness,
ktrap, is no longer a valid description of trap performance but by equating geometric
and Hookean expressions for optical forces (equations (3.7) and (3.9) respectively) with

equation (3.10) an expression for the @)-factor of the trap is determined:

C
= o iow 3.11
Q o (3.11)

Both implementations of the hydrodynamic-drag method above rely on good

knowledge of the Stokes drag, vo which is given by:

Yo = 6mpur (3.12)

where p and v are the density and kinematic viscosity of the fluid respectively. Equa-
tion (3.12) is only valid in the bulk fluid, away from any interfaces, however, optical
trapping is routinely performed in close proximity to a glass slide enclosing the fluid
chamber. This restriction is generally imposed by the short working distances of high-
NA microscope objectives required for high-quality trapping. Close to this interface the
Stokes drag increases drastically and Faxen’s correction must be included to modify .

This modified drag coefficient for a spherical particle is given by:

"o
N = - —3 v 5 (3.13)
1-5(5) +52) —%05) —6(2)

where z is the height from the surface to the centre of the bead [145, 157].
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3.3.2 Equipartition method

The equipartition method relates energy with particle motion and uses this to infer the
trap stiffness from the Brownian motion of a trapped particle in a static optical trap.
The equipartition theorem is expressed as [157]:

1 1
kBT = Shirap(a?) (3.14)

where (1?) is the variance of the displacement, x, from trap centre. From this expres-
sion, the trap stiffness may be determined from a trace of the bead centre coordinates
with time acquired using either a CCD camera or calibrated quadrant photo-diode
(QPD).

The equipartition method is only valid if the trap potential is harmonic which en-
sures the true distribution of x is Gaussian around the equilibrium position and if drift
within the instrumentation is low compared to (r2) otherwise this will broaden the
distribution. Sufficient detector bandwidth is also required to accurately capture the
behaviour of (z?) otherwise the detector performs averaging of the particle position
and the measured (z2) is a low-pass filtered version of the true (z2). Detectors with a
low acquisition rate can be used to give accurate results for the equipartition method

provided the integration time of the detector is taken into account [158].

3.3.3 Power spectral density method

Determination of the trap stiffness by the power spectral density (PSD) method is often
considered the gold standard technique and has been used to give trap stiffness mea-
surements with less than 1% calibration error [156, ] whereas this error can be as
much as 20% in some biological experiments [156]. This method analyses the motion
of the trapped particle in the frequency-domain. The Fourier transform of the bead

position with time has the form of a Lorentzian power spectrum:

kpT

SU) = i+ )

(3.15)
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where [S(f)] = nm?/Hz, v is the Stokes drag and may be substituted by + (equation
(3.13)) whenever Faxen’s correction is necessary, and f. = kiyqp/270 is the corner, or
roll-off, frequency which is dependent on the trap stiffness [157]. A harmonic trap po-
tential is required for the PSD method which is expected as it is related to the equipar-
tition method; using Parseval’s theorem [159], the power spectrum can be integrated
to yield the variance of trap position, (z?) [157]. A large detector bandwidth (in ex-
cess of 10f.) is recommended to capture fine details in the spectral density. For this
reason a QPD is generally used to perform PSD measurements but a fast camera may
be utilised if correction for finite bandwidth [158] is applied. Interestingly, the power
spectrum may be scaled by an arbitrary factor and this does not affect the corner fre-
quency. As such, QPD measurements made in the linear range of the detector do not
require a position calibration (V/nm) to determine the trap stiffness.

Instrument drift, anharmonic trap potentials, and other systematic imperfections in
the trap apparatus will result in deviations away from a Lorentzian shape, and as such,
the shape of the power spectrum may be used to elucidate the source of problems in

the optical trap.

3.3.4 Discussion of optical trap characterisation methods

The hydrodynamic-drag method is the simplest method for characterisation of an opti-
cal trap. It requires only a very basic camera and a method to induce fluid flow around
the trapped particle; either a motorised stage or microfluidic chip. However, only the
(Q-factor can be determined, and it is very difficult to accurately determine the trap stiff-
ness from the hydrodynamic-drag method. Both the equipartition and PSD methods
allow determination of the trap stiffness and are preferable to the hydrodynamic-drag
method.

The equipartition and PSD methods both rely on the same experimental measure-
ments for determination of the trap stiffness, traces of particle position as a function
of time. The equipartition method is effectively a random sample of particle positions
and so the time between samples is less crucial. Detectors with a long integration time

will still smooth out high-frequency variation in particle position and short integration
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times should be used if possible. The analysis of the data is also relatively straight-
forward.

The PSD method is considered to be the gold standard technique for trap stiffness
determination [156]. Generally a QPD is used to acquire the data for PSD analysis as
high temporal resolution yields more accurate results, this is necessary for very high
quality traps. The data analysis for the PSD method is more involved than for the
equipartition method but yields more accurate results as it is based on an accurate
model of particle motion rather than simple random error.

The equipartition method relies on an assumed temperature of the trapped particle
and so is prone to error in situations where significant heating may occur at the trap
position [160]. The PSD method also relies on temperature but also includes details
of the viscosity of the medium surrounding the trap, which is temperature dependent

and reduces the impact of unknown temperature on the measurement [160].

3.4 Optical manipulation in microscopy

Almost all optical trapping experiments are integrated into some form of rudimen-
tary microscope with brightfield illumination, but in most cases this is simply to locate
targets to be trapped, verify trapping, and to perform COM localisations of these tar-
gets. Utilising more advanced forms of microscopy with optical manipulation can yield
much more information from studies, indeed in the biological sciences, fluorescence
microscopy techniques have been particularly revolutionary and present interesting
opportunities for integration with optical manipulation. Even a basic epi-fluorescence
microscope combined with optical tweezers can be used to observe Forster resonance
energy transfer (FRET), indicating structural changes at the single molecule level in
response to mechanical perturbation [157].

Although optical tweezers can provide sensitive force measurements, even the sim-
ple ability of optical manipulation to pick up or put down a cell at will within a spatio-
temporal domain, coupled with advanced imaging methods, has enabled a number of
studies into dynamic biological processes such as pathogen transfer [138], and virolog-

ical [141] and immumological synapses [142]. These three studies all utilised confocal
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microscopes with optical tweezers capability provided through the same high NA ob-
jective lens as was used for imaging, a technique first exploited by Hoffman et al [161].
One consequence of this configuration is that both the image plane and trapping plane
within the sample move as the objective is scanned as they are delivered into the sam-
ple by a common objective lens. In this case, additional engineering solutions must be
implemented in order to move the image plane independently from the trapping plane
and acquire a volumetric image.

Hoffmann et al achieved this by axial translation of a fibre tip which is imaged into
the sample and delivers the trapping laser [161]. The translation of the fibre had to be
calibrated and moved synchronously with the microscope objective to keep the trap-
ping plane fixed while the image plane was scanned. Other schemes have utilised
the trapping geometry described by Fédllman and Axner [162], with which the trap-
ping plane can be axially translated by the axial translation of a lens in the trapping
beam path with a static objective lens. This scheme has enabled confocal and multi-
photon microscopy of tweezed samples, with volumetric images built up by scanning
the trapped objects through the image plane [163], and super-resolution microscopy of
protein dynamics on trapped DNA strands by stimulated emission depletion (STED)
nanoscopy [164]. The trapping beam geometry of Fallman and Axner has also been
applied to light-sheet microscopy [165], incorporating the reflected beam, or "macro-
tweezers", geometry by Thalhammer et al [166, ] to facilitate optical trapping of
large specimens with a single, low-NA objective lens.

Other techniques include holographic generation of the trapping beam or beams
via a programable device such as an SLM; the axial position of the trap can then be
translated holographically by applying a quadratic phase across the beam profile [165].
This holographic trap generation has recently enabled three-dimensional imaging of
trapped objects by temporal focusing [169]. Complete decoupling of the imaging and
trapping optics can be achieved by delivering the trap beam through another micro-

scope objective on the other side of the sample from the imaging optics [170].
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All of the methods detailed above facilitate advanced microscopic imaging of op-
tically trapped specimens but they all require a high degree of optical systems knowl-
edge that the intended end-user for such a system will very rarely possess. Most pro-
posed designs involved shared optics for the trapping and imaging beam paths [161,

-165, 169] which requires synchronised scanning elements and may introduce aber-
rations to the imaging pathways. Having completely independent imaging and trap-
ping beam paths [170] is highly desirable but places additional constraints on sample

choice as two high-NA objective lenses are required.

3.5 Fibre based optical manipulation

Optical manipulation has relied on the use of high-NA objective lenses which are ex-
pensive, bulky, and, relative to their size, have a very short working distance. These fac-
tors severely restrict the use of optical tweezers and preclude endoscopic applications
and integration with equipment which is in itself bulky and spatially constrained (e.g.
an advanced microscopy platform). Optical fibres are low cost and have a very small
size which make them an attractive prospect for optical trapping if sufficient gradient
force can be generated. The first optical fibre traps (OFTs) utilised basic, low-NA opti-
cal fibres and circumvented the issue of low-NA in a dual-beam counter-propagating
geometry [171]. In this setup, particles are trapped between two co-linear and anti-
parallel optical fibres. The scattering force from both fibres cancel whereas the gradient
force adds. This geometry is easily integrated into a microfluidic chip which can sit
atop a microscope with both fibres and the trap location lying in the focal plane of the
microscope and has been exploited for applications such as cell stretching [172]. Vari-
ations on this device, utilising laterally offset or angled fibres, have facilitated rotation
of trapped particles, so-called "optical-spanners" [173, 174].

The low NA of optical fibres has precluded their use for full, 3D optical tweezers,
but has still enabled 2D fibre optical trapping on or near the bottom of a sample cham-
ber. Many cell-cell interaction studies can be carried out in 2D as biologists are familiar
with working with cultures of 2D cell monolayers and 2D OFTs can still compliment

biological experiments.
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(a) trapped cell laser light

/ (785nm, up to 800mW)
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FIGURE 3.3: Schematics and artistic renderings of various optical fibre
trapping probe designs. (a) Counter-propagating optical fibres trap and
stretch cells in the area between the fibre tips [172]. (b) Microscopic
brightfield image of a tapered OFT probe tip [175], insert shows larger
section of probe. (c) Two tapered fibres are inclined relative to the z-axis
to create a strong gradient force [176]. (d) Near-field optical tweezers
with bowtie plasmonic aperture fabricated on the fibre tip [177]. (e) Re-
flected beam OFT with microfabricated micro-prisms centred on each of
the 4 fibre cores [178]. (f) Schematic (top) and brightfield image (bottom)
of trapped particle chains by optical binding [179]. (g) OFT based on
a GRIN-MM fibre tip, effect of varying the air cavity length, L.; on fo-
cal length, Lr; [180]. PS: Polystyrene. All figures used with permission
from their respective references.
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There has been emphasis on engineering optical fibres with increased NA in order
to facilitate 3D trapping with an OFT. A simple approach is to heat and draw the end
of the fibre such that the fibre tapers and forms a fine point as demonstrated by Liu
et al [175]. Their approach involved heating and pulling the fibre in multiple stages
to reduce the diameter of the fibre from 125 um to approximately 10 um and achieve a
parabolic tip shape. This focused the light to a 1 pm diameter focal spot at a distance
of 1.2 um from the end of the fibre tip which propagated with a divergence angle of
30°. This highlights a major drawback of 3D OFTs; the working distance, or manip-
ulation length, is cripplingly small. Optical trapping is favoured for being a sterile,
non-contact method for manipulation of particles but all objects with a diameter of ap-
proximately 3 um or greater will be in physical contact with the OFT probe described in
[175]. Tapered OFTs can also be achieved through chemical etching processes [179, 181,

] though the same drawback of short manipulation length is encountered. Other
approaches to increase the NA of OFTs have included using multiple highly inclined
fibres [176], micro-fabrication of angled mirrors [178, , ] or plasmonic structures
[177,185] at the tip of the fibre, micro-lens tipped fibres [186], and optical binding [179]
although these techniques still struggle to achieve manipulation lengths of more than
a few tens of microns.

The OFT solutions above use a single-mode (SM) fibre, or an array of SM fibres
which elucidates the intrinsically short manipulation length of these devices. A SM
fibre has a core diameter typically less than 10 um, and is significantly smaller after
tapering. From geometric considerations, a SM fibre with NA = 0.8 and a core diam-
eter of 10 um yields a manipulation length of only 6.6 pm. A recent approach utilising
gradient-index (GRIN) multi-mode (MM) fibres by Gong et al [187] shows promise to
achieve long manipulation lengths as the core diameter of MM fibres is an order of
magnitude larger than for SM fibres. GRIN-MM fibres have a periodic lensing effect
and this was combined with a chemically etched taper after an appropriate length of
fibre to produce an optical trap with manipulation length of approximately 5 um and
with @Q-factor of 0.095. This technique was built upon by introducing a tunable air
cavity between the lead-in SM fibre and the GRIN-MM fibre which extended the ma-

nipulation length to approximately 50 um [188], and up to 177 pm when optical forces
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from the GRIN-MM fibre were balanced with a microfluidic flow [180], but these tech-
niques still require precise shaping of the fibre tip. More sophisticated approaches have
performed optical trapping at the tip of a MM fibre by characterising the transmission
matrix of the fibre and shaping the light transmission through the fibre [189]. This tech-
nique allows manipulation at arbitrary distances from the fibre tip, however the trap
strength decreases with increased manipulation length and requires complex optical
systems to implement. Figure 3.3 shows the probe design and geometry for some of

the OFTs described above.

3.6 Conclusions

Optical manipulation allows precise control over biological matter at the cellular level,
can be used to trigger interaction events, and can offer unique insights into mechan-
otransduction. The combination of optical manipulation with advanced microscopes
adds an extra dimension to biological studies as specific aspects of processes can be
started arbitrarily and followed in toto with fluorescent probes. With optical manipula-
tion, the microscope becomes a truly functional tool.

Interestingly, OFTs have been remarkably under-exploited for biological studies
and no use of an OFT on an advanced microscopy platform has been reported to date.
The very small footprint of an OFT probe simplifies microscope integration but exist-
ing OFT designs have limited manipulation ability. In Chapter 8, an OFT probe for use
with an advanced imaging platform is presented and is integrated into a commercial

SIM system.






Chapter 4

Light-sheet microscopy using an

Airy beam

Parts of this Chapter are adapted from the article "Light-sheet microscopy using an Airy beam”
[18], published in Nature Methods (2014).

4.1 Introduction

This Chapter describes the use Airy beams for illumination in LSM. The axial resolution
and FOV of an Airy light-sheet, and light-sheets generated from related transversally
asymmetric beams is investigated by examining the axial modulation transfer function
(MTF) of each beam. This is then described analytically for Gaussian, Bessel, and Airy
beams.

A prototype system for demonstrating the use of Airy beams for LSM is described,
critically evaluated, and upgraded for greater performance. These systems are used to
test the theory presented through imaging of point probes and biological specimens.

The phototoxicity of each light-sheet type is also experimentally evaluated.

4.2 Properties of an ideal light-sheet

As discussed in Chapter 2.3, there are two, somewhat divergent, illumination schemes

under the banner of LSM. In the first, both the lateral and axial resolution is dictated by
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the fluorescence detection lens and the width of the light-sheet is chosen to minimise ir-
radiation of the sample outwith the focal volume, i.e. the width of the light-sheet is cho-
sen to be minimal across the desired FOV but remains approximately equal to or larger
than the DOF of the detection lens, 4\n/ NA2, where NA, is the numerical aperture
of the detection lens. This scheme functions identically to epi-fluorescence microscopy
but with a greatly improved signal-to-noise ratio (SNR). In the other scheme, the light-
sheet may be focused to a width that is narrower than DOF, providing increased axial
resolution but at the cost of a more restricted FOV due to the divergence of the focussed
sheet. Here, only the latter configuration is considered, such that isotropic resolution
can be achieved.

The obvious choice for an ideal light-sheet would be one which maintains a narrow
width over a large FOV which is why the propagation invariant Bessel beam has been
of interest in a number of high-resolution LSM studies [5, 19, 20, 59, 60, 88, ]. How-
ever, with the aid of deconvolution this is not the only choice. Any light-sheet which
forms an image that can be accurately deconvolved to yield a high resolution image of
the sample will fit the criteria. Considering resolution in the spatial frequency domain,
the light-sheet can yield high resolution if it supports high spatial frequencies. This is
measured by the MTF, which is the absolute value of the OTF, the Fourier transform of
the light-sheet PSF. Here, only the MTF in the axial direction is considered.

Propagation invariance is not a strict criteria either, any light-sheet with a cross-
sectional profile that varies with propagation is still beneficial as long as the cross-
sectional MTF supports high spatial frequencies at all points across the desired FOV.

The problem of the ideal light-sheet is essentially equivalent to the problem of
achieving an extended DOF whilst retaining good lateral resolution which has been
demonstrated using cubic phase modulations in the pupil plane of the detection lens
(e.g. [191]). Cubic phase modulation of a coherent Gaussian beam yields an Airy beam
[27], and are therefore a good starting point in designing a light-sheet that gives high-

resolution over an extended FOV.
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4.2.1 Airy beams

Much like the Bessel beam is a propagation-invariant solution in analogue of the
Helmholtz equation, the Airy beam is in analogue of a dispersion-free solution of the
Schrodinger equation for a free particle [27]. The electric field of an Airy beam can be

expressed as:

E(m,z)zAi(m G >exp<' R > (4.1)
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where Aiis the Airy function, z is the transverse coordinate, x is a characteristic trans-
verse length, z is the propagation distance, k = 27n /) is the wavevector where n is the
refractive index [28, 29]. At the origin, E(z,0) = Ai(x/z¢) and, like the Bessel beam,
this remains invariant upon propagation. Unlike the Bessel beam however, the Airy
beam undergoes a transversal shift, or acceleration, upon free propagation [25], the

main lobe of the Airy beam following a parabolic trajectory (Fig. 4.1) described by [29]:

22

x(z) = m 4.2)

Perhaps the most interesting property of the Airy beam is that it can be produced
in a low dimensional space. Note that equation (4.1) features only one transverse co-
ordinate and so can be produced in a planar (2D) space, a 1+1D Airy beam [25]. In
contrast, Bessel beams rely on interference of conically arranged wavevectors in a 3D
space to achieve propagation invariance. The Airy solution can therefore also be ap-
plied in the temporal domain to yield non-dispersive pulses [27] and 2+1D Airy beams

(Airy beams in a 3D space) can be produced by described by the separable solution:

E(l’,y,Z) = E(.%‘,Z) ' E(:l/az)
e 22 . Cxz 23
=Ai|————|exp|i -
o 4k2x} P 2k} 12k328 (4.3)

Ail(Y 22 .Yz .28
AL = — exp | ¢ —1
vo  4k%ys P 2ky3 12k3y8

The Airy beam solution in equations (4.1) and (4.3) contains infinite energy. Finite

energy approximations can be described by applying an exponential apodization such
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FIGURE 4.1: Intensity profiles of infinite energy (a,c; equation (4.1)) and

finite energy (b,d; equation (4.4)) Airy beams. (a,b) Cross-sectional in-

tensity profile at z = 0, (c,d) parabolic trajectory of the main lobe. Sim-

ulation performed with the following parameters: A = 500nm, n = 1,
zo =5Hum, a = 0.1.

that E(z,0) = Ai(z/x0) exp(ax/zo) [28], equation (4.1) then becomes:

2

. ; ax . 3 ax az? a’z
P Y ) TR g E L or G L 0TE ) 4y
(z,2) = Al <m0 120 —Hkmo) P <Z2kx3 126925 " 7o 2% H?’w%) b

where a is positive to ensure exponential decay, but a < 1 ensures the finite energy
beam retains all the special properties of its infinite energy counterpart over some range
[28]. Figure 4.1 shows the transverse structure at z = 0 and the parabolic evolution for
infinite and finite energy Airy beams.

The Fourier spectrum of the Airy field (at z = 0) is:

E(k) = exp(—ak?®) exp(i[k® — 3a*k — ia®]/3) (4.5)

Equation (4.5) reveals that the Fourier spectrum of the Airy beam is Gaussian, with
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a cubic phase modulation in £ and so can be easily generated from imparting a cubic

phase modulation in the pupil plane of a lens [27, 29].

4.2.2 Parameter study of asymmetric light-sheets

The Airy beam is a specific example of a beam which does not exhibit transverse sym-
metry and so a parameter study was performed to explore a wide range of transversally
asymmetric beams, including the Airy beam, and evaluate their suitability for high res-
olution LSM. Light-sheet cross-sectional intensity profiles were simulated by taking the
Fourier transform of the pupil function with a defocus term applied (see Appendix C)
to determine the beam shape over a propagation range. The parameters for the simu-
lation were chosen to reflect experimental conditions for a light-sheet microscope with
a spatial light modulator (SLM) that could be reconfigured to illuminate with arbitrary
beam types which had previously been used to explore aberration correction in LSM
[72] and is described in detail in Chapter 4.3. The relevant parameters for the study
are summarised in Table 4.1. Note that both beam propagation and the optic axis of a
microscope are commonly defined as the z—axis, in order to preserve the z—axis of the

microscope, propagation of light-sheet illumination is herein defined along the x—axis.

Parameter Value

Objective NA 0.42

Objective magnification 40

Objective tube lens focal length 200mm

Objective pupil function P(u) = exp[2mig(u)]
[llumination polarisation Circular (P(u)@/v2 +iP(u)d/v/2)
Mlumination A 532nm

Sample refractive index 1.33

Sample z-range [-300:0.1:300] pm

Sample z-range [-50:0.1:50] wm

TABLE 4.1: Parameters used in asymmetric light-sheet parameter study.

The cylindrical pupil functions explored all have constant amplitude across the
pupil but vary by a phase profile, (). The pupil coordinates are normalised to 2 NA /A
such that |u| = 1 corresponds to the highest spatial frequency transmitted by the ob-

jective. The majority of phase profiles explored have the form of either equations (4.6),
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naturally asymmetric (odd) single-term polynomials, or (4.7), asymmetric versions of

naturally symmetric (even) single-term polynomials:

p(u) = Au> ™! (4.6)

b(u) = sgn(u) Au® 4.7)

where A is a scaling factor used to tune the strength of phase modulation, and ~ is
an integer. Light-sheets were simulated for A = 1,3,7 to allow selection of the best
profiles for comparison. Some more exotic examples were also simulated. For each
light-sheet profile, the axial MTE, which gives an indication of the attainable resolution
after deconvolution, was determined at various positions along the beam propagation,
at the typical Gaussian beam focus (z = 0), away from focus (x = +25 um), and very
far from focus (x = +100 pm).

The results of these simulations are shown in Figs 4.2 and 4.3. The results for all
beams are compared with that of a focused beam. As all light-sheets compared contain
the same distribution of spatial frequencies, they are all theoretically capable of the
same resolution.

Figure 4.2 shows the results for phase profiles in the form of equation (4.6) (Fig.
4.2(b-e)) and for two phase profiles based based on the tangent and inverse tangent
functions (Fig. 4.2(f-g)). Figure 4.3 shows the results for phase profiles in the form of
equation (4.7) (Fig. 4.2(c,e,g)) along with their corresponding symmetric counterparts
(Fig. 4.2(b,d,f)). These beams all have an intensity maximum that changes transverse
coordinate as it propagates and accompanying side-lobes as a result of interference
to produce such a curved trajectory. The MTF of these beams at z = 0 has lower
support of high spatial frequencies than the focussed Gaussian but this is reversed
away from focus. The support (magnitude) of the MTF at high frequencies is ultimately
low valued for these beams, however, it remains non-zero and is therefore suitable for
use with a deconvolution algorithm to restore an image with resolution corresponding
to the highest non-zero spatial frequency present in the illuminating light-sheet [192].

In practice, noise will impose a positive threshold which the MTF must remain above in
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(v) for beams formed from selected asymmetric (b-g) cylindrical pupil
functions, P(u) = exp[2mi¢(u)]. Results of a Gaussian light-sheet (green;

a) are shown on each plot for reference.
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order to enable accurate deconvolution. By definition, the MTF is normalised such that
the magnitude of the zero-frequency component is unity and as such does not account
for the intensity of illumination. The local light-sheet intensity will influence the local
SNR which will dictate the noise-floor for the local MTE. As « increases, the light-sheet
intensity becomes more localised at x = 0. This can be understood by considering that
for v — oo, the phase profile will become flat across the majority of the pupil plane
and only be modulated at the extreme edges and thus for large v will tend towards a
Gaussian beam. Therefore, the ideal light-sheet should have support of high spatial
frequencies and considerable intensity over a large propagation distance. From this

analysis, the Airy beam is again the optimal choice.

4.2.3 Comparison between Gaussian, Bessel, and Airy light-sheets

The previous analysis of transversally asymmetric, cylindrically focussed, light-sheets
cannot include a Bessel light-sheet as no 1+1D analogue of a Bessel beam exists [25].
Bessel light-sheets must be formed from rapid 1D scanning of the 3D focussed beam
in a DSLM scheme. To perform a comparison against Bessel light-sheets, the attainable
axial resolution and FOV of 3D focussed Gaussian, Bessel, and Airy beams is explored
analytically and by simulation.

Estimations for the axial resolution and FOV of Gaussian, Bessel, and Airy beams
can be determined from considerations of the corresponding pupil functions. Deriva-
tions are given in Appendix D and summarised in Table 4.2.

The relations in Table 4.2 demonstrate the inherent trade-off that exists when using
a Bessel beam for light-sheet illumination, increasing the FOV inherently reduces the
resolution and vice versa. The trade-off with Bessel illumination is less restrictive than
for Gaussian illumination, doubling 7. will quarter FOV¢ as this scales with NA ™2
whereas doubling r..p can be achieved simply by varying 3 and will only half FOVp
as this scales with 5.

From the expression for r..4, it would appear that super-resolution information,
beyond the diffraction limit can be achieved with the Airy beam as for o < 8.33, 7.4
will be smaller than A\/2NA. However, this equation is based on an approximation

of the Airy MTF, for example setting o = 0 would yield a Gaussian beam but 7.4
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TABLE 4.2: Analytic expressions for the pupil function, axial MTEF, axial

resolution and field-of-view of Gaussian, Bessel, and Airy light-sheets.

v and v are normalised pupil coordinates corresponding to the z— and

y—axes respectively, u, = (u? + v?)!/2, H denotes the Heaviside step

function, § is the fractional width of annulus used to generate the Bessel
beam, and « is the strength of the cubic modulation.

would indicate infinite resolution, which is clearly incorrect. For v, — 0 or v, — 1 (as
is the case when considering the resolution limit) the Gaussian MTF is a more valid
approximation. Therefore, what is correctly inferred from r..4 is that the resolution
achieved by an Airy beam is diffraction limited for o < 8.33. For o > 8.33, an increase
in a will result in a decrease in resolution. This highlights the non-linear nature of
resolution and FOV scaling with Airy light-sheets. For low values of «, there is no
loss in resolution when increasing the FOV, when increasing « beyond 8.33, there is a
slight reduction in resolution when the FOV is increased, and for large «, the resolution
decreases inversely with the increase in FOV, the same as for the Bessel beam.

Figure 4.4 shows plots of axial resolution and FOV as a function of NA for a Gaus-
sian and selected Bessel and Airy light-sheets, based on the equations given in Table
4.2. The o and 3 parameters for the Airy and Bessel light-sheets have been chosen such
that there is a factor 2 difference between their FOV widths for a given NA. Light-sheets
denoted Bessel5 and Bessell0 have 3 = 5 and 3 = 10 respectively, Bessel3 in general.

Light-sheets denoted Airy10 and Airy20 have o = 10 and o = 20 respectively, Airyo



Chapter 4. Light-sheet microscopy using an Airy beam 79

2 3
(a)'° (b) 107 £ (c) 1
O Gaussian i

— Bessel10 —8
g Bessel5 g
=101} e
2 26
3 - A
] o [ S /S e
a o | S/
2 ear S /S
5 1000 5
i E
< <2

- 0 i

- 02 04 06 08 10 1.2 . 02 04 06 08 1.0 1.2 00 200 400 600 800 1000
NA NA FOV [um]

FIGURE 4.4: Analytic axial resolution and field-of-view of Gaussian,

Bessel, and Airy light-sheets as given in Table 4.2. (a) Axial resolution

against NA, (b) FOV width against NA, and (c) axial resolution against

FOV width for selected light-sheet types. Figure adapted with permis-
sion from [18].

in general. As Fig. 4.4(c) shows, the Airy beam appears to be very suitable for high
resolution light-sheet imaging over a large FOV. It is worth noting that the Bessel10
and Airy20 light-sheets yield comparable resolution but their respective fields-of-view
(FOVs) differ by over an order of magnitude.

To confirm the above analytic expressions, simulations of the full 3D intensity dis-
tribution were generated for Gaussian, Bessel, and Airy beams and projected onto the
y-axis to yield the DSLM light-sheet cross-section for each of the beam types. The pa-
rameters used for the simulation were the same as given in Table 4.1, the sampled
y—range was the same as for the z—axis. The 2D pupil functions for the simulated

beams are given in Table 4.3.

Beam type Pupil function
Gaussian 1

Bessel5 V(U2 +v2) > 0.95
Airy10 exp[2mil0(u’ + v3)]

TABLE 4.3: Pupil functions of simulated DSLM light-sheets, shown in
Fig. 4.5.

Figure 4.5 shows the simulated Gaussian, Bessel, and Airy light-sheet profiles and
their corresponding axial MFT. Figures 4.5(g-i) show the MFT thresholded at 5%, the
cut-off that has been used in analytic derivations as a practical noise floor, and has the
analytically determined axial resolution (in terms of %) and FOV indicated by dashed

green and solid pink lines respectively. The MTFs shown in Fig 4.5(d-i) are normalised
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FIGURE 4.5: Simulation of axial resolution and field-of-view of Gaussian, Bessel, and Airy DSLM light-sheets. Light-sheet profiles
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respectively. Analytically predicted axial resolution (dashed green) and FOV (solid pink) are indicated in (g-i).
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relative to MTF(0, k.) so as to incorporate the decay in intensity away from the focal
region. Immediately apparent is that the axial resolution is not constant across the FOV,
even for the propagation-invariant beam types. This implies that the edge of the FOV
is also based on an arbitrary cut-off which will depend on the SNR. The main lobe
of the Airy beam extends beyond the displayed axial region but remains within the
simulation boundaries.

The largest deviation from the analytic expressions is the axial resolution of the Airy
light-sheet. An axial resolution of 760nm is expected for an Airy10 light-sheet but the
thresholded MTF only reaches maximal k. corresponding to a resolution of 1 um. This
is still significantly higher than the axial resolution of a Bessel light-sheet of equal NA

and a much larger FOV than a Gaussian light-sheet of equal NA.

4.2.4 Comparison between Airy and advanced Bessel beam light-sheet tech-

niques

As discussed in Chapter 2.3.5, Bessel beam based LSM is almost always implemented
in conjunction with additional techniques to overcome the issues associated with the
extended transverse structure of the Bessel beam. While these advanced Bessel light-
sheet techniques are not investigated experimentally in the following sections, com-
parisons between these techniques and the Airy LSM technique are made below based
on theoretical expectations. Comparison between techniques was based on theoreti-
cal performance of a system with parameters identical to the simulations described in
Chapter 4.2 and experiments described in Chapter 4.3.

Table 4.4 lists key parameters for standard Gaussian, Bessel, and Airy light-sheets as
discussed above, and also includes results for Bessel LSM implemented with confocal
scanning of a line aperture (Bessel-CS) [60], and with structured illumination (Bessel-
SI-OS/SR) [5, 20]. Spatiotemporal resolution and FOV is predicted from theory. The
fluorescence collection efficiency is also estimated from simulations of the Gaussian,
Bessel, and Airy light-sheet profiles. The collection efficiency is given by the fraction
of fluorescence emitted within the DOF of the detection lens in the plane = 0 and is
normalised relative to a Gaussian light-sheet. The peak intensity of each light-sheet is

considered as this will impact on the phototoxicity of the method, and is measured as
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a fraction of the total cross-sectional intensity of the light-sheet. The normalised peak
intensity is also considered, this is given by the peak intensity divided by the collection
efficiency such that the normalised peak intensity compares the peak intensity required
to collect the same number of emitted photons, normalised to the peak Gaussian inten-
sity. From this, the normalised total intensity is also estimated, which is the the total
irradiation at each point of the sample relative to a Gaussian light-sheet for the same
number of collected photons.

Bessel light-sheets can benefit from a confocal line aperture to reject signal gener-
ated outwith the central core of the Bessel beam [60]. The Bessel beam must be scanned
across the image synchronously with either a line aperture or a digital aperture, im-
plemented by a rolling shutter on the camera. The axial resolution was estimated as
the width of the Bessel core, defined as the diameter of the first minima of the Bessel
function, which would be the width of the confocal line aperture. Only small differ-
ences in core width are observed for the different Bessel beams considered. All fluores-
cence outwith this region is rejected by the confocal slit and so the collection efficiency
was estimated as the fraction of photons emitted within this region only. The tempo-
ral resolution was estimated based on the rolling shutter mode of the sCMOS camera
(Hamamatsu Orca Flash 4.0). The maximum frame-rate in rolling shutter mode is half
the maximum frame-rate under standard operation.

Bessel beam based LSM has also been combined with structured illumination [5,

]. The Bessel beam is stepped along the y—axis in discrete steps rather than contin-
uously scanned. For certain step intervals, the image components stemming from the
Bessel side-lobes can be digitally removed, as in SIM [20, 74] (Bessel-SI-OS), from a se-
ries of 3 acquired images with the phase of the Bessel-grid translated. The necessity
to acquire multiple raw image frames per image reduces the temporal resolution. The
axial resolution was again estimated as the width of the Bessel core and was also used
to estimate the collection efficiency. In this case, light is only rejected out-of-plane and
so the collection efficiency is higher than with Bessel-CS. Additionally, SIM algorithms
may be used to extract SR information from a sample [5, 99]. In the light-sheet geome-
try, SR can be achieved along the y—axis and z—axis with a stepped Bessel beam array

(Bessel-SI-SR). Extraction of SR information requires the acquisition of 5 raw image
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frames which lowers the temporal resolution and was additionally used to weight the
total intensity as the sample must be exposed multiple times per image.

Table 4.4 shows that confocal scanning and structured illumination techniques can
recover high axial resolution in Bessel LSM through the rejection of the extended side
lobe structure which is expected from the literature. Both Bessel-CS and Bessel-SI tech-
niques require some additional hardware control and this necessitates a reduction in
the maximum acquisition rate that can be achieved whereas Airy LSM is not hindered.
The collection efficiency of Bessel-CS and Bessel-SI are very low, and decrease as the
intended FOV is increased, which results in large total exposure of the sample. The
total irradiance of the sample can range between 5 and 60 times greater than for a stan-
dard Gaussian light-sheet. This may be mitigated somewhat for Bessel-SI as the peak
intensity (Norm. I,,,,) is much lower than for a Gaussian light-sheet [5]. Airy light-
sheets give high axial resolution over a large FOV whilst maintaining high collection

efficiencies, allowing simultaneous low peak and total intensities.

4.2.5 Light-sheet deconvolution algorithm

Deconvolution is a process by which knowledge of the PSF can be used to process
acquired data to improve the resolution of the image [192]. The shape of the Airy
light-sheet results in an image stack which is blurred and difficult to interpret (Fig. 4.6,
middle row). The use of the Airy beam necessitates the use of deconvolution to yield
high-resolution images [191, 192].

Image formation in fluorescence microscopy can be described generally as a convo-
lution of the sample fluorophore distribution with the PSF of the imaging optics as in
equation (2.12). In LSM, image formation in the lateral plane is described exactly the
same but axially, can be described by the convolution of the sample distribution with

the light-sheet cross-sectional profile (Fig. 4.6):

D(z) = (I, ® S)(2) (4.8)

where D(z) is the recorded image, I.(z) is the axial light-sheet profile, and S(z) is the

sample fluorophore distribution.
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FIGURE 4.6: Simulation of light-sheet image reconstruction by Wiener
deconvolution. Simulated images of University of St Andrews logo im-
aged by axial (2) translation through a Gaussian (a) and Airy (b) light-
sheet. Only the axial image formation is simulated, lateral image forma-
tion depends solely on the detection optics and is not simulated. During
imaging, zero-centred Gaussian noise was added to the image. Light-
sheet cross-sectional profiles (top) and their corresponding recorded im-
ages (middle) and post-deconvolved images (bottom).

In Fourier space, equation (4.8) becomes:

D(k.) = H(k:)S(k) (4.9)

where H(k,) = I(2).
As the axial profile of the light-sheet varies with propagation, this is more accu-

rately represented as:

]_N)(x,y, k.) = H(x, kz)g(;v,y, k) (4.10)

Deconvolution is the inverse process, using an estimate of the light-sheet profile,
I.(z, z), and the image, D(z,y, z), to recover a more accurate representation of the ac-
tual fluorophore distribution, S(z, y, z). This can be naively performed by dividing by
H(z,k,) in Fourier space. A more accurate and commonly used method is to use a

Wiener filter [193]:

H(z, k,)*
|H(x,k.)|> + SNR(k.) 2

Hy(z,k,) = (4.11)
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where

SNR(k.) = A%% (4.12)

The SNR is modelled as inversely proportional to k., normalised to the spatial fre-
quency corresponding to the diffraction limit, £, = 2 NA /), and multiplied by a scalar,
A, that regulates the strength of the filter. Low A will reduce high frequency noise but
will also smooth the images, lowering the axial resolution; high A will give sharper
images with higher axial resolution but will exhibit more high frequency noise. A =5
gave the best smoothing-noise reduction trade-off for simulations and experiments.

The deconvolved image, S (z,vy, z), is therefore recovered from:

S(e,y.ks) = Huw (@, k) D(a,y, k.) (413)

Figure 4.6 shows that Wiener deconvolution is suitable for Airy light-sheet imaging.
The light-sheets are simulated with the same parameters as in Chapter 4.2, « = 7 for
the Airy light-sheet, and deconvolved as described above. As expected, only the region
near the focus of the Gaussian light-sheet is deconvolved accurately, whereas high axial
resolution is achieved across the full width of the image with Airy illumination.

A MATLAB script was written to deconvolve datasets acquired with the LSM sys-

tems described in Chapter 4.3 using the Wiener filter described above.

4.3 Development of an Airy light-sheet microscope

The theory presented above was tested using an existing LSM system, shown in Fig.
4.7, referred to in this thesis as the Type-1 LSM system.

A laser beam (Coherent, Verdi, 5W, 532nm) is expanded and collimated (L,L2) onto
the active region of an acousto-optic deflector (AOD; Neos AOBD 45035-3) which is
driven by a 20kHz triangle waveform to rapidly scan the diffracted orders along the
y-axis. The first diffracted order is selected by a slit aperture and the beam from the
AOD is expanded and imaged (L3,L;) onto a spatial light modulator (SLM; Hama-
matsu LCOS X10468-04) which enables beam shaping. The beam overfills the SLM
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area. Again, the first diffracted order is selected by a slit aperture and the SLM is im-
aged (Ls,L¢) onto back aperture of a microscope objective (MO;; Mitutoyo 20x/0.42,
working distance (w.d.) = 20mm). The beam slightly overfills the back aperture. Con-
trol of the SLM, as described in Appendix C, allows the pupil functions described in
Chapter 4.2 for generation of Gaussian, Bessel, and Airy beams to be applied and eas-
ily switched between. The SLM was also used to implement an aberration correction
algorithm [194] which corrected for systematic aberrations in the optical train [72]. The
illumination power at the back aperture of MO, was typically between 30 — 300mW.

Fluorescence is collected by a second, orthogonal objective lens (MO3; Newport,
20x/0.40) with appropriate tube lens and fluorescence filters onto a camera (CCD;
Basler piA640-210gm). A third imaging path (Fig 4.7 dashed box) consisting of an
objective lens (MO,; Mitutoyo 50x/0.55), tube lens, and camera (CCD,, Basler piA640-
210gm) was optional, but could be used to inspect the en face (y — z) light-sheet pro-
file and aid alignment. The sample was positioned in a square-walled capillary tube
and suspended between the objective lenses in air. The sample was positioned and
translated through the light-sheet by an zyz nano-positioning stage (Mad City Labs,
Nano-LP200).

Software for control of the system and acquisition of images was developed in Lab-

VIEW.

4.3.1 Optimisation of microscope design for biological experiments

Results shown for the Airy light-sheet imaging proof of concept with the Type-1 LSM
(shown in Chapter 4.3.4) demonstrate the potential of the method, however, there are a
number of engineering challenges that must be addressed to make the Airy beam LSM
suitable for biomedical imaging. The Type-1 system suffers from several issues which

are discussed below and have been resolved in the Type-2 LSM (Fig. 4.8).

Inhomogeneous refractive index in optical pathways

The sample is embedded in an agarose gel, contained within a glass capillary tube, and
suspended in air between the illumination and detection objective lenses. The illumi-
nating light-sheet and the emitted fluorescence therefore undergo two refractions that

are not corrected for by the objective lenses and will suffer from spherical aberration.
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FIGURE 4.7: Schematic of the Type-1 LSM system. For clarity, only the

first-diffracted orders from the AOD and SLM are shown. Dashed box

indicates optional optics used to monitor the en face profile of the light-

sheet. Lx: Lens; AOD: Acousto-optic deflector; SAx: Slit aperture; SLM:

Spatial light modulator; MOx: Microscope objective lens; S: Sample; SC:

Sample chamber; TLx: Tube lens; M: Mirror; F: Filter; CCDx: (EM)CCD
camera.

This has the effect of elongating the light-sheet as the effective NA of the illumination
is lower than intended. This effect is mirrored in the detection pathway where the lat-
eral resolution is reduced by the same effect. This has been well characterised and is
described in detail by Jahrling et al using geometric considerations [195]. This effect
depends on the ratio of physical path lengths the light propagates through between
the lens and the intended focus. The sample is scanned to acquire a volumetric im-
age stack, therefore the focal plane of the detection lens is displaced from the plane of
the light-sheet as the scan progresses. The light-sheet is unaffected by sample trans-
lations perpendicular to the beam. To counteract this focal shift, the light-sheet was
holographically translated by varying the grating period on the SLM to re-align the
light-sheet with the shifted focal plane but adds complexity to the acquisition process
and slows acquisition as the SLM must be updated for every scan position.

A system with maximal refractive index homogeneity in the space between the ob-
jective lenses is desired. The use of water-dipping lenses immersed directly into the

sample chamber is commonly used in other LSM implementations [20, 35, 49, 62, 196]
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and would solve this issue. The complexity of the system would be reduced, the acqui-
sition speed would be slightly increased, and the image quality would improve from
the reduced spherical aberration.

Constrained sample choice

The use of capillary tubes for sample confinement severely limits the size of specimens
which can be imaged, typically square capillary tubes with inner diameter between
200 — 500 um were used and the square geometry of the tubing restricts the positioning
of the specimen within the microscope as the walls must be perpendicular to the cor-
responding objective lenses. Larger samples simply will not fit in the tubing and more
traditional, coverslip mounted samples may be difficult to suspend securely.

Two solutions exist, to create a fluid filled chamber around the sample, containing
the objective lenses (as in, e.g., [38]), or to change the geometry of the microscope such
that the sample can sit flat as in most microscope designs (as in, e.g., [20, 43, 44]).
The second option was chosen for the simplicity of not designing a custom fluid filled
chamber. Samples would be mounted on a glass slide on a flat sample stage, with
the illumination and detection lenses both inclined at 45° to the horizontal in a "dual-

inverted" geometry [43, 44].

Single channel acquisition
A single fixed wavelength laser for illumination limits acquisition to one wavelength
channel.

This limitation is easily overcome with tunable laser sources or with laser banks
containing multiple collinear sources. A fibre coupled laser bank was used to give 2

colour channels.

Revised microscope design
These considerations were used to design the Type-2 LSM system (Fig. 4.8).

Lasers (Spectra Physics argon-ion 2040E, 10W, 488nm, and Laser Quantum Finesse,
6W, 532nm) were coupled into a single-mode (SM) fibre and delivered to the micro-
scope. The divergent beam from the fibre was collimated (L;) and a half-waveplate
and polarising beam splitter used to control the polarisation and power of the beam.
The beam was expanded to overfill an SLM, the first-diffracted order of which is col-

lected by a round aperture (RA) and imaged (Ly,L3) onto the active area of an AOD, the
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tirst-order beam from the AOD is collected by a slit aperture (SA) and imaged (L4,L5)
onto the back aperture of the illumination objective (MO;, Nikon CFI Apo 40x/0.80
DIC, w.d. = 3.5mm, water dipping). As with the Type-1 system, the SLM, AOD, and
back aperture of MO, are mutually conjugate. A quarter-waveplate immediately be-
fore MO, ensures circular polarisation of the light-sheet in the sample.

Fluorescence was collected through a second objective (MO, Nikon CFI Apo
40x/0.80 DIC, w.d. = 3.5mm, water dipping) and through an f = 400mm tube lens
onto an sCMOS camera (Hamamatsu, Orca Flash 4.0).

The sample was mounted as described in Chapter 4.3.2 on a glass slide and placed
on an zyz nano-positioning stage. The stage could be manually moved in 2/ — 3’ and
manual z’ movements could be achieved by raising or lowering the objective lenses.
The stage was programmed to enable easy positioning of the sample in the microscope
coordinates xyz and translated the sample along the z—axis during volumetric scan-
ning.

No automatic laser or filter switching was implemented and the lasers were manu-
ally shuttered and filters manually changed between different colour channel acquisi-
tions.

To replicate the performance of the Type-1 system, the illumination NA was re-
stricted to 0.42 holographically by reducing the efficiency of the modulation to zero
outwith the central region corresponding to NA = 0.42. The detection NA was reduced
to 0.4 with a variable aperture, the resulting NA was determined from resolution mea-
surements of fluorescent point probes.

Software for control of the system and acquisition of images was developed in Lab-

VIEW.

4.3.2 Optimisation of light-sheet microscopy sample mounting

With the use of water-dipping objective lenses, designed to be immersed in the medium
surrounding the specimen, a design challenge with the Type-2 geometry is keeping
the medium localised to the sample area without leaking away. This issue is further
emphasised as the 45° angle from vertical the objective lenses sit at means their vertical

working distance is very small (< 200 um) when aligned and volumetric scans over
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FIGURE 4.8: Schematic of the Type-2 LSM system. (a) Top-down view of
the system in bench coordinates 2/, y'. (b) Side-on view of the system in
bench coordinates, z’, 2/, and microscope coordinates, z, z. SMF: Single-
mode fibre; Lx: Lens; A\/2: Half-waveplate; PBS: Polarising beam splitter;
BS: Beam stop; SLM: Spatial light modulator; RA: Round aperture; M:
Mirror; AOD: Acousto-optic deflector; SA: Slit aperture; A/4: Quarter-
waveplate; MOx: Microscope objective lens; S: Sample; GS: Glass slide;
SS: Sample stage; VA: Variable aperture; F: Filter; CCD: (EM)CCD cam-
era.



92 Chapter 4. Light-sheet microscopy using an Airy beam

>20mm

FIGURE 4.9: Various light-sheet microscopy sample mounting designs.
Top down (top) and side on (bottom) schematics of (a) all PDMS (orange)
multi-layer "tower-and-moat" design; (b) PDSM pedestal and drawn-on
hydrophobic barrier (purple). Same design as in (b) but with a capillary
tube (blue) loaded sample. The capillary tube was held in place with
Blu-Tack (not shown). (d) Photos of the design in (b) alone (top) and in
the microscope (bottom), red arrows indicate the location of the sample.

200 um are desirable. Therefore, in order to avoid crashing the sample stage into the
objective lenses, the sample must be raised slightly from the base of the sample mount
in the region between the objective lenses.

A number of sample mounts were designed and trialled for raising the sample
and containing the sample medium. These were prototyped in poly(dimethylsilox-
ane) (PDMS; Dow Corning Sylgard 184 Elastomer Kit), a known bio-compatible and
optically clear polymer, and are shown in Fig. 4.9.

Figure 4.9(a) shows an all PDMS "tower and moat" design. A central, raised, walled
pillar (the tower) contains the sample in an agaorse gel or mounted on a small (< 4mm
diameter) coverslip, and a lower walled recess (the moat) provides containment for
a much larger drop of water which covers the sample region and contacts with both

objective lenses. The PDMS structure is secured in place on the glass slide with an
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epoxy resin. While this sample mount works, it is difficult to manufacture due to the
multi-level nature of the design.

A simplified approach is illustrated in Fig. 4.9(b) which utilises a pap-pen (Invit-
rogen, 00-8877) to draw a hydrophobic barrier for water containment directly onto the
glass slide. The sample is positioned on a raised pedestal in the centre of the drawn bar-
rier. The simplified geometry makes this a much more flexible choice as the pedestal
can be cut from a single layer of PDMS (or other material) and can vary in shape to
accommodate a variety of slide mounted or agarose embedded samples. Figure 4.9(c)
shows the same approach but the pedestal has been replaced with a round capillary or
plastic tube to accommodate tube mounted samples also.

Figure 4.9(d) shows photographs of the pedestal-based sample mount (Fig. 4.9(b))
with Blu-Tack in lieu of a sample for clarity (red arrows). The top photograph shows
the position of the sample and the water confinement provided by the drawn-on hy-
drophobic barrier, note that the wetting angle of the water on the PDMS pedestal re-
sults in the sample remaining dry. The bottom image shows the sample sample mount
positioned in the microscope. Surface tension between the water and objective lenses
draws the water up, filling the space between the objectives and sample.

The sample mount shown in Fig. 4.9(b) was used for all samples with the Type-2

system unless otherwise stated.

4.3.3 Physical considerations for deconvolution

The deconvolution algorithm relies on an accurate description of the light-sheet, this
could be measured experimentally but was instead simulated from experimental pa-
rameters as described in previous sections. To ensure a close match between the ac-
tual light-sheet profile and the theoretical prediction, aberration correction was imple-
mented with the SLM as described by Cizmar, Mazilu, and Dholakia [194] to counteract
systematic aberrations. This procedure was not used to correct for aberrations induced
by the sample [72].

Additionally, as the deconvolution is only performed along the z—axis, it is critical

that the expected axial PSF is well aligned with the z—axis and the relationship between
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FIGURE 4.10: Geometric distortions in Type-2 light-sheet microscope. 1l-

lustrations of isolated shear tilt (a) and perspective scaling (b) effects on

Airy light-sheet PSFs. (c) Maximum intensity projection (z — z) of ex-

ample dataset showing geometric distortion from tilt and scaling. (d,e)

Measured tilt (blue) and linear fit (red) of PSFs in (c) along the z— and
y—axes respectively. (f-g) Zoomed in views of (d,e).

the image and real-space coordinates are well known. Two scenarios were encountered
where this does not hold true but can be corrected for computationally.

The first is quite simple, there can be a constant angle between the scan axis and
the z—axis which results in a PSF that is tilted at an angle to the z—axis as illustrated in
Fig. 4.10(a). This effect may also result from sample drift.

The second effect is more complex and stems from the desire for a large FOV. A
microscope is only corrected to minimise aberrations over a finite FOV near is optic
axis, far from the optic axis, the image is no longer fully corrected and the image plane
does not remain flat. The curvature of the image plane manifests in the volumetric
data as an array of PSFs that diverge from the objective lens (see Fig. 4.10(b)), so-called

perspective scaling. This further implies that there is a preferential curvature of Airy
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light-sheet when the parabolic trajectory of the Airy beam matches the curvature of the
focal plane but this was not investigated.

Both of these effects are minor (Fig. 4.10(c)) and can be corrected digitally to enable
more effective and accurate deconvolution. This is achieved by re-sampling the dat-

acube I(xz,y, z) at I(xg,y4, 2), and the light-sheet PSF, PSF'(z, z) at PSF' (x4, z4) where:

2g(2) =8y 24+ (1 —Pp-2)-x (4.14)

yg(2) =8y -2+ (1—-P,-2)-y (4.15)

where S, and S, are parameters describing the strength of the shear tilt in  and y
respectively, and P, and P, describe the strength of the image plane curvature. These
parameters can be easily determined by determining the local tilt (gradient) of each
PSF, and fitting a linear function in « and y. The constant terms yield S, and §,, the
linear coefficient yields P, and P,. A MATLAB script was written to determine these
parameters from random sampling of I(z, y, z). Figures 4.10(d)-(g) show the linear fits
to the data shown in Fig. 4.10(c), showing 600nm red fluorescent beads, which gave
Sy =394-1073,8, =71-1073, P, = 408.4-10°pum~!, and P, = 87.8 - 107 % um~1.
These values were generally stable and related mostly to the system. The parameters
would need adjusted after alignment tweaks to the microscope and for some samples
with large refractive index variations.

After deconvolution, the dataset was restored to the original coordinate grid,

I(z,y, z) to reflect the true spatial distribution within the sample.

4.3.4 Imaging of resolution probes

The resolution of the Type-1 Airy light-sheet microscope was determined experimen-
tally by imaging small red fluorescent microspheres (1 pm diameter) embedded ina 1%
low melting point (LMP) agarose gel inside a square walled capillary tube. Although
beads much smaller than the expected resolution would be preferred, 1 um beads are

sufficient here as it is expected that the axial resolution achieved with Gaussian and
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FIGURE 4.11: Axial resolution with Type-1 Airy light-sheet microscope.
Theoretical light-sheets (top; inverted colour), and maximum intensity
projections or recorded (middle), and deconvolved (bottom) data ac-
quired with (a) Gaussian, (b) Bessell0, (c) Bessel5, and (d) Airy light-
sheet illumination. Green lines denote the edge of the FOV as pre-
dicted from theory (FOV edge not shown for Airy as it occurs at z =
+164.2 um). (e) Plot of axial FWHM measurements across the FOV for
each light-sheet type. Figure adapted with permission from [18].

Bessel light-sheets will rapidly degrade. Z-stacks were acquired with a z-plane spac-
ing of 50nm. A laser line filter (Semrock, NF01-532-25) was used to reject scattered
illumination from the acquired images.

Figures 4.11(a)-(d) show the recorded and deconvolved data of the same sample
acquired with Gaussian, Bessell0, Bessel5, and Airy light-sheets. The Airy beam was
formed from a cubic phase profile with o« = 7 as this was sufficient to cover the full
width of the camera. Green lines mark the edge of the FOV as theoretically determined
above. For the Gaussian and Bessel beams, the image quality drops dramatically ap-
proximately at the green line due to the presence of artefacts attributed to low values
in the MTF beyond this point. Figure 4.11(e) plots the measured axial resolution, de-

termined from full width at half maximum (FWHM) measurements as a function of
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FIGURE 4.12: Imaging performance with Type-2 Airy light-sheet micro-

scope. x — z maximum intensity projections of recorded (a,b) and de-

convolved (c,d) volumes with Gaussian (a,c) and Airy (b,d) light-sheet
illumination.

longitudinal coordinate. At x = 0, the axial resolution measured correlates well with
theory, showing similar resolution for Gaussian and Airy beams, a lower resolution
for the Bessell0 beam, and lower again for the Bessel5 beam. The Airy beam yields
the best axial resolution, maintaining resolution below 2 pm across the entire camera.
As expected from theory, the reduction in resolution on propagation is slower for the
Bessel5 beam than for the Bessel10 beam. The distribution of points for the Gaussian
and Bessel beams is very scattered beyond x = 25 pm. This is attributed to the lower
resolution in this region, resulting in lower SNR, deconvolution artefacts, and increased
chance of overlapping PSFs.

The lateral resolution for all light-sheet types was also measured, although as this
is solely dependent on the detection optics, and was not expected to differ. The FWHM
across the FOV was measured to be (1.9 & 0.3) um for all light-sheets. The lowered
lateral resolution is attributed to spherical aberration at the capillary surface.

A similar experiment was performed using 600nm diameter red fluorescent beads
to characterise the Type-2 system. Figure 4.12 shows that the Type-2 system performs
similarly to the Type-1 system for Gaussian and Airy illumination. Lateral and ax-
ial FWHM was measured for all beads in the image, measuring 1.2 + 0.1 um and
1.2 £ 0.1 um respectively for Airy illumination and showing that the system achieves

isotropic resolution and is consistent with simulations in Chapter 4.2.2. The spherical
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aberration that was observed with the Type-1 system has been reduced as the lateral

resolution is improved.

4.3.5 Imaging thick biological specimen

To demonstrate the use of Airy beams for LSM in thick, scattering tissue, filamentous
(f)-actin and nuclear material was imaged in the musculature of a tissue section from
a juvenile amphioxus (Branchiostoma lanceolatum) (see Appendix F.1 for preparation).
Volumetric images were acquired with the Type-2 system, with a z—plane spacing of
200nm over a z—range of 100 um for each beam type. The illumination power was
kept constant at approximately 0.25mW for all light-sheet types. A laser line (Sem-
rock, NF03-488E-25) and band-pass (Semrock, FITC-BP01-Clin-25) filter combination
was used to acquire the green fluorescence channel, red fluorescence was acquired us-
ing a laser line (Semrock, NF11-532-25) and band-pass (Semrock, FF01-609/54-25) filter
combination.

As the Gaussian FOV is so narrow and the remainder of the image contains mostly
artefacts, the recorded, rather than deconvolved, data is shown. Additionally, no image
is shown for the Bessel10 light-sheet as, again, the FOV is rather limited for the sample.

Figure 4.13 shows selected 2D sections from the acquired volumes. The results are
qualitatively similar to those for fluorescent beads (Chapter 4.3.4). The axial resolution
of the Gaussian is good near the light-sheet focus (z = 0) and degrades away from this
point. The Bessel5 light-sheet shows strong artefacts for |z| > 45 um as expected. For
all light-sheet types, there is a gradual decrease in image quality and signal strength
for increased propagation into the sample (large x).

The Bessel5 images exhibit a lower SNR than the Gaussian and Airy images, this
is attributed to the broad cross-section of the Bessel5 light-sheet. The side-lobes of
the Bessel beam impact negatively on image quality, therefore lowering the SNR for a
given illumination intensity. In contrast, the Airy light-sheet uses the signal from its
side-lobes constructively for image formation and so retains good SNR.

A further observation from this data is that the resolution of the Gaussian light-
sheet at focus is lower than with the Airy light-sheet, as evidenced from Figs 4.13(d 1),

even though they are expected to perform similarly. The reduction in axial resolution
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is attributed to sample induced aberrations in the Gaussian light-sheet. The Airy beam
exhibits self-healing and is resistant to aberrations [27, 29] which is thought to account
for the improved image quality in this case. Imaging with Gaussian and Airy light-
sheets in the presence of strong aberrations will be covered in more detail in Chapter

5.

4.3.6 Photobleaching study of Gaussian, Bessel, and Airy light-sheets

As well as image quality, light induced damage to the sample must be considered for
live imaging experiments. The amount of photodamage (both phototoxicity and pho-
tobleaching) depends largely on the instantaneous peak intensity of the illumination at
each point in the sample [5, 55], and so photodamage is expected to be less for Bessel
and Airy light-sheets due to their extended transverse structures.

This was tested experimentally by time-lapse monitoring fluorescence of Cy3-
streptavidin embedded in poly(acrylamide) (PAA) gel (see Appendix F.1) over 100 vol-
umetric scans. Alllight-sheets were formed by digital scanning with equal illumination
power, to ensure comparability between methods. The power was intentionally higher
than in imaging experiments (0.7mW) to accelerate the bleaching of fluorophores. The
signal was integrated over a 10 pm thick volume centred around the point exhibiting
the strongest fluorescence. This point was generally a few micrometres short of the
light-sheet focus which is attributed to absorption of the light-sheet by the Cy3 dye.

Figure 4.14 shows the intensity decay over 100 volumetric scans for each of the
light-sheet types discussed above. The photobleaching rates were determined by fitting
with exponential functions. A single exponential was sufficient to describe the decay
for both Bessel and Airy light-sheets, but a bi-exponential (y(z) = A1eP! 4+ AzeP?) was
needed to fit the Gaussian data. The fitted parameters are summarised in Table 4.5.

The photobleaching rates follow the expected trend. The Bessel5 and Airy light-
sheets are the lowest, and are very similar.

This experiment directly characterises the effect of different light-sheet types on
photobleaching, but is also indicative of phototoxicy as photobleaching can cause free
radical generation and high intensity illumination has been shown to cause morpho-

logical changes in specimen development [54].



Chapter 4. Light-sheet microscopy using an Airy beam

101

Photobleaching Decay Curves

. ]
L]
- aisy
+ Gaussian
09 {+2_48%
oaled Bessel10
A
LI
, ot ) » Bessel5
= + O L, 4 | A .
3 | U * Airy
S + g A‘AA a
207 + ® o Yoaa s
= U ® © A [y AA A
= + oo o A% a8 4
] + * % o a, AAAM A A A
= ++.‘ S ) % |o AA A a8 A aaA
- A
- e . .u..".o. 2858 AAAAAM“AANAAAA
+ + ® ¢ & s
+ So0g0 ° AA, A 4
+ ++4,_++ me i ‘,.‘.O.o oot S0y, ® A
0.5 W @ 2, 1,_.; 200%° 0y
E + ‘F*'l'#a,”+++ +H 'N'+4\|-+ 4+ L4 o L] Mg ...-' (
+1 ¥ T b T b
# [t T )
0.4
0 10 20 30 40 50 60 70 80 90 100

Scan number

FIGURE 4.14: Photobleaching decay curves for Gaussian, Bessel, and

Airy light-sheets. Normalised fluorescence signal of Cy3 with light-

sheet illumination power 0.7mW over 100 volumetric scans for Gaussian
(black), Bessell0 (green), Bessel5(red), and Airy (blue) light-sheets.

Light-sheet type PBR [scan '] | 95% CI [scan™!] | HL [scan] | 95% CI [scan]
Gaussian, 77% term | 0.76 4+ 0.05 0.66 — 0.86 0.9 0.8 —1.1
Gaussian, 23% term | 0.068 4 0.007 0.054 — 0.082 10.1 8.4 — 12.7
Bessel10 0.045 £ 0.002 0.041 — 0.049 154 14.1 -+ 16.9
Bessel5 0.034 + 0.002 0.031 — 0.038 20.2 18.5 — 224
Airy 0.030 £ 0.001 0.028 — 0.033 22.8 21.1 — 24.8

TABLE 4.5: Photobleaching decay rates for Gaussian, Bessel, and Airy

light-sheets corresponding to decay curves shown in Fig. 4.14. Photo-

bleaching rate (PBR) and half-life (HL), with corresponding 95% confi-

dence intervals (CI) measured for Gaussian (bi-exponential), Bessell0,
Bessel5, and Airy light-sheets.

4.4 Discussion and conclusions

Airy beams have been proposed as a potentially beneficial beam type for light-sheet il-

lumination in LSM. This Chapter has investigated the use of the Airy beam, and other

transversally asymmetrical beams, for light-sheet microscopy. Axial resolution and

FOV are determined by observation of the MTF of each beam as a function of longitu-

dinal coordinate, and analytic descriptions are derived for Gaussian, Bessel, and Airy

beam based light-sheets. The trade-off between axial resolution and FOV is shown to

be much more rewarding with Airy illumination than with Gaussian or Bessel illumi-

nation. For a given axial resolution of 1 um, an Airy10 light-sheet covers a FOV of
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~ 200 pm, a Gaussian light-sheet covers a FOV of ~ 25 um, and a Bessel10 light-sheet
covers a FOV of ~ 5 um. High axial resolution can be recovered from Airy LSM images
using a simple Wiener filter, whereas other beam types require additional hardware
and image acquisition procedures to achieve high resolution [5, 20, 60]. Two designs
for an Airy beam LSM are described and characterised. Experimental results on fluo-
rescent microspheres are consistent with the developed theory, and isotropic resolution
of 1.240.1 um is achieved and is consistent with simulations in Chapter 4.2.2. The Airy
LSM is also used to image a muscle section of a juvenile amphioxus, demonstrating the
use of this technique in a thick, turbid specimen. Time-lapse imaging of fluorescent
dyes are also used to quantify the phototoxicity associated with each beam type, show-
ing that the Airy light-sheet exhibits low phototoxicity.

The extended family of transversally asymmetric, "Airy-like", beams is a huge pa-
rameter space that could not be explored fully. However, the results indicated a trend
of reducing FOV when increasing the order of the polynomial phase profile, v, which
helps to narrow the focus of the investigation. Additionally, the high-resolution FOV
associated with an asymmetric 2nd-order polynomial is much lower than for the 3rd-
order polynomial (Airy beam) suggesting the Airy beam is the optimal in this regard.

Non-integer polynomial phase profiles, for example:

d(u) = sgn(u)Au*d (4.16)

may be an interesting point of study in future investigations.

Both simulations and analytic expressions for the performance of each beam type
neglect the finite DOF of the detection objective lens which will alter and truncate the
axial extent of the light-sheet and can adversely affect the light-sheet MFT. This was
proven to be unnecessary for the experimental parameters used in this study but may
need to be considered for extension of the Airy LSM technique to higher NA and res-
olution, as the DOF will be narrowed and the parabolic trajectory of the Airy beam
will become more inclined. It was further observed that the image plane of the micro-
scope curved due to aberrations in the optical train. A complete theory could include

this, to optimise the orientation and strength of the cubic modulation to match the Airy
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FIGURE 4.15: Schematic diagram showing modifications to the detection

arm of the Type-2 LSM system to enable easier access to the back focal

plane (BFP) of the detection objective lens. Additional lenses image the

BFP of MO, and re-image the image plane onto the camera (CCD). MOx:

Microscope objective lens; S: Sample; GS: Glass slide; SS: Sample stage;

VA: Variable aperture; M: Mirror; Lx: Lens; BFPx: Back focal plane; F:
Filter; CCD: (EM)CCD camera.

parabola with the curvature of the image plane. Furthermore, manipulation of the ori-
entation of the image plane [69, 71] could give control over the curvature of the image
plane and could be optimised to match the Airy light-sheet to maximise light-collection
efficiency. Alternatively, extended-DOF techniques [191] could be implemented to ob-
viate this limitation. The use of a cubic mask to extend the DOF of LSM has been
implemented recently for the purpose of rapid volumetric image acquisition [58] and
could be readily implemented into the Airy LSM system to enable ultra-wide FOV Airy
LSM imaging with high resolution, or ultra-high resolution resolution Airy LSM util-
ising the full NA of both illumination and detection objective lenses. In preparation
for this future project, the detection pathway of the Type-2 system has been modified,
as shown in Fig. 4.15, to allow easier access to the back focal plane of the detection
objective lens for placement of a cubic phase mask there.

Experimental data acquired with the Type-1 and Type-2 systems agrees with theory
although the full extent of the Airy FOV is not observed as this exceeds the camera
sensor. The magnification could be lowered to capture a larger FOV but the light-sheet
height (in the y—axis) is limited by the deflection range of the AOD and so results in a

large area of the camera sensor being unused. A scanning element with a greater scan
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range should be used in future systems but the current element suffices for proof-of-
concept.

Images of the amphioxus sample indicate the Airy light-sheet can achieve higher
resolution than the Gaussian light-sheet in the presence of aberrations, even at focus.
This was attributed to the self-healing property of propagation invariant beams [27]. A
more in depth analysis is required to quantify this effect and is investigated in Chapter
5.

More advanced beam shaping in conjunction with the Airy light-sheet can also be
beneficial for LSM. An Airy beam may be generated from a static phase plate rather
than a reconfigurable SLM which would reduce the overall cost of the microscope.
Papazoglou et al showed that Airy beams can be generated from the controlled aber-
rations induced in a beam when passed through a cylindrical lens which is tilted rel-
ative to the optic axis [197]. The use of this low-cost Airy beam generation method is
explored for LSM in Chapter 6. Chapter 6 also investigates the use of attenuation com-
pensated Airy beams [195] for delivery of Airy light-sheet illumination deeper into
thick tissue and with increased uniformity.

The comparison of photobleaching rates in LSM with different light-sheet types in-
dicates that the Airy and Bessel beams both reduce the photobleaching and therefore
phototoxicity to the specimen. However, the images of the amphioxus tissue show that
the Bessel light-sheet, for the same illumination power, has a lower SNR than the Airy
light-sheet achieves. This is due to the side-lobes of the Bessel beam impacting neg-
atively on image formation, whereas the side-lobes of the Airy beam contribute posi-
tively to image formation. Therefore, to achieve equal SNR in the images, the power
of in the Bessel light-sheet or the camera integration time must be increased, resulting
in more photodamage. The Airy light-sheet therefore exhibits the lowest phototoxic-
ity. This could be further reduced by forming the Airy light-sheet with a cylindrical
lens rather than digital scanning. This would re-introduce shadowing artefacts into the

image but could be mitigated by rapid tilting of the light-sheet as described in [41].
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Chapter summary

e Airy beams, in conjunction with a simple deconvolution algorithm, yield a much
better trade-off between axial resolution and FOV for LSM than Gaussian or

Bessel beams.

e The Airy beam appears to be the best beam in this regard within the family of

transversally asymmetric 2D beams.

e The Airy LSM has been demonstrated experimentally to give axial resolution of
approximately 1 — 1.5 um over a half-FOV of over 150 um, over 15 times greater
than the Gaussian LSM of equivalent resolution, which has a half-FOV of approx-

imately 10 pm.

¢ A study of photobleaching rates with different light-sheet types indicates that the
Airy light-sheet exhibits lower phototoxicy than Gaussian or Bessel light-sheets

for a given SNR in the image.

e Future investigations could exploit extended-DOF techniques or matching the
light-sheet and image plane curvatures to increase the resolution, FOV, and light-

collection efficiency of the imaging method.
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Chapter 5

Application of Airy light-sheet
microscopy to imaging in turbid

tissue

5.1 Introduction

The previous Chapter introduced the Airy beam as a beneficial illumination beam type
for LSM, yielding good axial resolution over a large FOV, and having low phototoxicity.
Imaging in a thick specimen (Chapter 4.3.5) indicated that Airy LSM may facilitate
high quality imaging at greater depth into turbid tissue than traditional Gaussian LSM,
owing to the self-healing and aberration resistant properties of the Airy beam [27, 29].

A recent study by Glaser, Wang, and Liu used Monte Carlo simulations to inves-
tigate imaging performance at depth in scattering tissues and concluded that, while
LSM is generally limited to transparent samples, it can be applied to imaging super-
ficial layers of highly turbid material [199]. Their study considered only LSM using
Gaussian illumination and they comment that Bessel and Airy beam illumination may
yield different results. Finally, Glaser, Wang, and Liu comment that there is currently
no experimental investigation of LSM imaging performance, of any illumination type,
in turbid tissue.

This Chapter experimentally explores the effect of beam type on the image qual-
ity and imaging depth of LSM in the presence of strong sample induced aberrations.
Fixed brain sections from a mouse are imaged by Gaussian and Airy LSM prior to

and after optical clearing. Fourier analysis is used to develop an image quality metric

107
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FIGURE 5.1: Schematic of imaged regions of mouse brain tissue slices.
Green outlined regions have approximately constant illumination path
length but fluorescence path length is dependent on tissue depth. Purple
outlined regions have approximately constant fluorescence path length
but illumination path length is dependent on tissue depth. [z, y, z]: Mi-
croscope coordinates; [z7,yr, zr]: Sample coordinates (y = yr); MOs:
illumination objective; MO,: detection objective

for fluorescently labelled structures with heterogeneous size distributions and FWHM
measurements of homogeneous, point-like resolution probes are used to quantify max-
imum imaging depth with each technique.

All animal experiments were reviewed and approved by the University of St An-
drews Animal Ethics and Welfare Committee under Dr Javier Tello’s Home Office
Project License 70/7924. All in vivo experiments were performed by Dr Javier Tello

and Ms Sanya Aggarwal only.

5.2 Comparison of image quality in non-cleared and cleared

tissues

To investigate the effect of light-sheet type on image quality in turbid specimens, vol-
umetric images were acquired throughout 400 pm thick sections of fixed mouse brain
tissue expressing mCherry, a red fluorescent protein, and fluorescent beads as resolu-

tion probes.
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Volumetric scans were acquired primarily in two regions of the tissue slices. The
first was at the side of the tissue nearest the illumination objective (MO;; green boxes
in Fig. 5.1). The second was on the opposite side of the tissue, nearest to the detection
objective (MOy; purple boxes in Fig. 5.1). Image quality will depend on the total op-
tical path through the tissue; the path of the illumination to the imaged point and the
path of fluorescence from that point to the detector. In most microscopy techniques, the
illumination and detection share a common path but in LSM these are decoupled. By
imaging regions at the tissue edge near the illumination objective, the aberrations in the
illumination are minimised and the illumination path can be kept approximately con-
stant. The dominant aberrations in this case stem from the fluorescence path, should be
independent of light-sheet type, and can serve as an aberration baseline to characterise
the tissue. Conversely, imaging at the side of tissue nearest the detection objective is
dominated by aberrations in the illumination pathway, and may be affected by differ-
ent light-sheet types.

The experiments were carried out using the Type-2 system described in Chapter 4.
2,2’-thiodiethanol (TDE) was used as a clearing agent [200] because it is water-soluble,
has low viscosity, and exhibits minimal deformation of sub-cellular structures [200].
The microscope objectives used in the Type-2 system (Nikon CFI Apo 40x/0.8 DIC,
w.d. = 3.5mm, water dipping) are designed for immersion in water or equivalent fluid
with n = 1.33. The refractive index of the TDE solution can be tuned and depends on
the concentration of TDE. The effectiveness of the clearing also depends on the concen-
tration. A concentration of 47% TDE in 1x PBS was chosen, which has n = 1.42 and
moderately clears the tissue [200]. The refractive index mismatch between water and
the TDE solution will cause spherical aberration in both the illumination and detection
pathways [195]. This was not accounted for in determination of the light-sheet profile

for deconvolution of Airy LSM images.
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5.2.1 Imaging of genetically labelled fluorescent structures in mouse brain

sections

First, images were acquired in mouse brain tissue expressing mCherry in a subset
of neurons. The animal had been injected with adenoassociated viral (AAV) parti-
cles (AAV1/2-Efla-DIO-mCherry-wPRE) prior to the experiment (see Appendix F.2 for
sample preparation details). Images were acquired of the same section of tissue before
and after clearing with a 47% TDE solution. In all experiments, the illumination power
was kept constant at 240mW.

Figure 5.2(a,b) show z7 — zr maximum intensity projections of datasets acquired
in non-cleared tissue using Gaussian and Airy (o = 7) light-sheets. Qualitatively, Fig.
5.2(a,b) shows that Airy LSM gives a better quality image from a single imaging run
as sharp features are seen across the whole FOV of the image with Airy illumination
whereas the Gaussian image has spatially variant image quality. This effect has been
described in depth in Chapter 4 and the aim of this study is to compare "best perfor-
mance" of each imaging modality. As such, each dataset is apodized with a Gaussian
function with 8 um width along the x—axis and centred at the focus of the Gaussian
light-sheet (Fig. 5.2(c,d)).

To further complicate the analysis, biological features within tissue typically ex-
hibit structure across multiple length scales (Fig. 5.2(a,b)). This non-uniformity poses
a challenge to assessing image quality by measurements in real-space. One alternative
is perform the analysis in the spatial frequency domain. For this, a metric for image
quality was developed based on the integral of the magnitude of spectral components
for an image within a given spectral window. This was computed for images at differ-
ent depths within the tissue, I(zr, yr; 27), and investigated this metric as a function of
tissue depth, zr.

The spectral magnitude within the nth spectral window of an image of the 7 — yr,

Sn(zr), is given by:

Je " fOQW‘j<kT7 kg; z7) | krdkydkg

rn—1

S ST kdkydg

Sn(zr) (5.1)
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where T (kr, kg; z7) is the Fourier transform of the image plane I (zr, yr; 2r) in cylin-
drical coordinates and &, ,, is the radial spatial frequency separating spectral windows

in 10% increments of the diffraction limit:

£2NA

rn — I 2
b =10 ©-2)

The enhancement factor within a given spectral window is then given by the ratio

between Airy and Gaussian imaging modalities:

Sn (ZT)Az'ry

EF,(zr) = ——————
n( T> Sn(zT>Gaussian

(5.3)

Figure 5.2(e-n) show S, (z7) for the apodized datasets shown in Fig. 5.2(c,d) (Gaus-
sian: blue lines, Airy: green lines;first axis) and EF},(z7) (red lines; second axis). This
analysis is particularly robust to single-pixel noise fluctuations as the analysis is con-
ducted only at spatial frequencies up to the diffraction limit whereas single-pixel fluc-
tuations occur at higher spatial frequencies in properly sampled images. Figure 5.2(0)
illustrates the spectral windows used to calculate S,,(z7). These plots show that the
enhancement factor at low spatial frequencies is approximately unity at low spatial
frequencies but steadily acquires a positive gradient with increasing spatial frequency.
This shows an improvement in relative image quality and indicates that Airy LSM is
more resistant to sample-induced aberrations than Gaussian LSM.

An average enhancement factor, EFyr(27), was determined by averaging over the
high-frequency spectral bands between 60% and 100% of the diffraction limit (Fig.
5.2(p)). This was fitted with a linear function in z7. The example shown in Fig. 5.2
yields a gradient of 0.06 um~1. The y-intercept (EFyr(0)) of this fit is, unexpectedly,
non-unity. This indicates that even at the tissue surface, there is an improvement when
using Airy illumination over Gaussian. In the presence of no aberrations, both illu-
mination types are expected to give equal best performance. This surface enhance-
ment is attributed to refractive index variations at the interface between the immersion
medium (PBS) and the agarose gel which encapsulates the tissue section, holding it in
place. This analysis was repeated across a number of different regions of tissue and in

different sections from the same brain. The number of datasets (sample size) was 11.
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FIGURE 5.2: Fourier analysis of Gaussian and Airy LSM images in
non-cleared mouse brain tissue. (a,b) Maximum intensity projections
(xr — zr) of fluorescent neurons in 400 pum thick tissue slice acquired
by Gaussian and Airy LSM. Dashed white lines indicate tissue surface.
(c,d) Apodized version of (a,b) showing only the analysis region, around
Gaussian beam focus. (e,n) Plots of spectral magnitude, S, (zr), versus
tissue depth for Gaussian (blue) and Airy (green) light-sheet illumina-
tion within selected spectral windows. EF, (zr) (red; second axis) is
also plotted. (o) Illustration of spectral windows used to segment the
data for plots (e-n). The dashed circle corresponds to the diffraction
limit, a spatial frequency of 2NA /A. (p) The average enhancement fac-
tor over high-frequency spectral bands, EFyr(2r), (60 — 100%2 NA /)
plots (k-n)). Dashed line in (p) shows a linear fit to the data, equation
shown on plot.
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As the enhancement of image quality with Airy LSM appears to be linked to the
aberration resistance of the illumination beam, optical clearing was used as a method
to vary the optical properties and aberrations of the tissue to test this hypothesis. A 47%
TDE solution was used to clear the tissue sections and was also used as the immersion
medium for the cleared tissue sections when imaging. The clearing process reduced
the aberrations of the tissue. Images were acquired in similar regions as those imaged
before clearing. The sample size was 9.

The average linear fit parameters (mean + standard deviation) for EFgp(2r) in
non-cleared and cleared tissue are shown in Table 5.1. No trend was observed in the
behaviour between datasets acquired at the sides of tissue nearest to the illumination
or detection objective lenses and this factor was neglected from the analysis. There is
a five-fold reduction in the gradient of EFyp(2r) in cleared tissue. The reduction in
enhancement factor when facing reduced aberrations is indicative of the effect being
linked to the aberration resistance of the Airy beam. The y-intercept is slightly higher
in cleared tissue than in non-cleared tissue. This is attributed to additional aberrations
caused at the objective lens/imaging buffer interface as the microscope objective is

optimised for immersion in water (n = 1.33), not the TDE solution (n = 1.42 £ 0.01

[200D).

Tissue Type | Gradient (um~1!) | y-intercept
Non-cleared 0.04 £ 0.02 1.24+0.2
Cleared 0.008 £ 0.007 1.6 £04

TABLE 5.1: Linear fit parameters of EFpyp(zr) in non-cleared and
cleared mouse brain tissue. Sample size was 11 for non-cleared tissue, 9
for cleared tissue.

Due to the reduced aberrations in the cleared tissue, data could be collected from
much greater depths within the tissue section. Figure 5.3(a,b) shows composite images
acquired using Gaussian and Airy LSM at 3 different depths within the tissue. Regions
of interest were apodized around Gaussian beam focus (Fig. 5.3(c-h)) and the above
analysis was performed. The average high-frequency enhancement factor, EF'yr(271),
is plotted in Fig. 5.3(i-k). The example in Fig. 5.3 is representative of 4 out of 5 multi-
depth composite datasets. The gradient of EFyp(27) increases with increasing depth

into tissue. This is to be expected, as aberrations are cumulative and should increase
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FIGURE 5.3: a,b) Maximum intensity projections (zg — 2 view) of flu-
orescent neurons in 400 um thick, cleared mouse brain tissue slice ac-
quired using GLSM (a) and ALSM (b). Composite images of 3 datasets
at different tissue depths. Dashed white lines indicate tissue surface.
(c-h) Cropped regions of (a,b) within dashed boxes (i-iii) apodized to
only show the region around Gaussian beam focus. (i-k) High-frequency
enhancement factor, EFpyr(z7) within dashed boxes (i-iii). Scale bar in
(a,b): 50 um. Dashed lines in (i-k) are linear fits to the data, equations
shown on each plot.

with depth. The variation in slope with depth also highlights that a simple linear model
is a not sufficient to capture the full complex behaviour through an entire tissue section,
although over small subsections a linear model is appropriate and was sufficient in

most cases encountered in this study.

5.2.2 Imaging of resolution probes in mouse brain sections

Another method to quantify the effect of light-sheet type on image quality in turbid
specimens is to use point-like resolution probes which control for effects caused by in-
homogeneous feature size. Mouse brain tissue slices with resolution probes distributed
throughout were imaged. The animal was injected with 600nm diameter red fluores-
cent beads (see Appendix F2 for sample preparation details). Images were again ac-
quired on the same section of tissue before and after clearing with a 47% TDE solution.
Experimental parameters were kept the same as in Chapter 5.2.1, except the microscope
had been upgraded as shown in Fig. 4.15, this increased the FOV by 2 times along the
x—axis but otherwise did not affect the microscope performance.

Figure 5.4 shows x — z maximum intensity projections of initial datasets acquired

using Gaussian and Airy (o = 7) light-sheets before and after clearing.
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FIGURE 5.4: Initial resolution probe comparison between Gaussian and
Airy LSM in mouse brain tissue slice injected with fluorescent beads. x —
z maximum intensity projections of datasets for Gaussian (a,c) and Airy
(b,d) illumination before (a,b), and after (c,d) clearing with 47% TDE in
1x PBS. Light-sheet illumination is incident from left and fluorescence
collection is from top. Datasets are acquired at tissue surface. Dashed
green line in (b) indicates the orientation of the tissue surface. Scale bars:
50 pm.

Figures 5.4(a-d) show images from a region of tissue near the detection objective
acquired with Gaussian and Airy light-sheets, before and after clearing respectively.
There are very few beads observed in the tissue after clearing. This was attributed
to diffusion of the beads out of the tissue during the clearing process. The beads are
not bound in place by any antigen-antibody link and the clearing process involves
immersing the sample for several hours in multiple solutions at 37°C under continuous
agitation. Additional imaging experiments ruled out dissolution of the polystyrene
beads into the TDE solvent.

Figures 5.5 show images of cleared tissue acquired at a depth approximately 400 pm
below those in Fig 5.4(c,d). Again, no beads are present, but autofluorescence reveals
the limits of the tissue showing the bottom of the tissue slice. Without beads or other
features to accurately stitch images of different height together, the exact thickness of
the tissue cannot be quantified. This shows that images may be acquired at least 400 pm
into the cleared tissue, even if the resolution attainable at this depth is unknown.

Image quality was determined as a function of depth by manually taking FWHM



116 Chapter 5. Application of Airy light-sheet microscopy to imaging in turbid tissue

Gaussian Airy

FIGURE 5.5: Initial resolution probe comparison between Gaussian and
Airy LSM in cleared mouse brain tissue slice injected with fluorescent
beads. x — z maximum intensity projections of datasets for Gaussian (a)
and Airy (b) illumination at the bottom of the 400 pm thick tissue section.

measurements of lateral and axial resolution for each light-sheet type in tissue before
and after clearing. Figure 5.6 shows results from the datasets shown in Fig. 5.4(a,b).
The plots show that lateral resolution remains fairly constant (approximately 1—1.5 pm)
for both beam types up to about 40 um depth, it would appear that the resolution de-
grades beyond zr = 40 um but there are few datapoints to verify this. There is more
variation in the axial resolution of the Gaussian light-sheet with depth (Fig. 5.6(b)),
this is to be expected as the axial resolution is spatially variant along the x—axis. The
axial resolution of the Airy light-sheet remains consistently low for at all tissue depths
measured.

Figure 5.7 shows equivalent results in cleared tissue, measured from Fig 5.4(c,d).
Due to the lack of beads in this sample, trends in the data are not as obvious. Figure
5.7(a) shows that the distribution of lateral resolution is approximately the same as
in non-cleared tissue although these measurements are made at greater depths. Axial
resolution of the Airy light-sheet (Fig. 5.7(b)) shows results consistent with Fig. 5.6(b),
the axial resolution remains low but steadily increases with increasing depth. There is
not sufficient evidence to comment on the axial resolution of the Gaussian light-sheet
as a function of tissue depth.

To improve the accuracy of these results, and to increase the number of resolu-
tion probes in the cleared tissue sections, an additional injection was performed on the
cleared tissue section. The injection was performed on cleared tissue with the same pa-

rameters as for the bead-injection into live mice (see Appendix F.2). The newly injected
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FIGURE 5.6: Resolution measurements in non-cleared tissue. 20 beads

were measured in the Gaussian dataset and approximately correspond-

ing beads were measured in the Airy dataset. Lateral (a) and axial (b)

FWHM measurements as a function of tissue depth for resolution probes

imaged with Gaussian (blue; Fig. 5.4(a)) and Airy (red; Fig. 5.4(b)) light-

sheet illumination before clearing. Error bars show standard error.

beads were localised within the tissue and so the tissue section was cut through the
injection site, and the tissue section oriented such that the beads were in the side of the
tissue closest to the detection objective.

Figure 5.8(a,b) shows maximum intensity projections of LSM images of resolution
probes in cleared tissue where the beads have been injected post-clearing. A spot find-
ing algorithm was implemented to find all beads within the size range (0.6 — 4.0 um)
and fit 1D Gaussian functions along the lateral (x) and axial (Z) directions. The FWHM
of the detected beam widths are plotted in Fig. 5.8(c,d). 86 distinct beads were detected
in the Gaussian image, 257 were detected in the Airy image. Linear fits of lateral and
axial FWHM as a function of tissue depth are also plotted. The linear fit parameters are
given in Table 5.2.

As the beads are located on the side of the tissue closest to the detection objective,

aberrations in the detection pathway should be minimal and constant for both beam
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FIGURE 5.7: Resolution measurements in cleared tissue. All visible

beads in the image were measured, 5 in the Gaussian dataset, 9 in the

Airy dataset. Lateral (a) and axial (b) FWHM measurements as a func-

tion of tissue depth for resolution probes imaged with Gaussian (blue;

Fig. 5.4(c)) and Airy (red; Fig. 5.4(d)) light-sheet illumination after clear-
ing with 47% TDE in 1x PBS. Error bars show standard error.

types. Figures 5.8(c,d) show that the lateral resolution of both illumination types is ap-
proximately equal which agrees with this statement. The gradient of axial resolution is
also approximately equal for both illumination types. This is not quite as expected but
can be explained by the limitations of the spot finding algorithm. The range specified
for the spot finding has a maximum value so it does not find overlapping beads. The
axial resolution of the Gaussian light-sheet is spatially variant and increases rapidly
away from beam focus and can exceed the upper limit for the algorithm very easily.
These low-resolution regions are neglected by the algorithm, artificially boosting the
apparent resolution of the Gaussian illumination. Additionally, the rapid increase in
axial PSF also greatly increases the chance of overlap between two adjacent beads.
Therefore, even before the axial PSF exceeds the algorithm’s size range, beads will be
rejected due to overlap and their combined with being greater than the limit. This is
seen in the number of beads which are detected by the algorithm. Only about a third of

all beads detected in the Airy image are detected in the Gaussian image despite being
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FIGURE 5.8: Maximum intensity projections (z7 — yr view) of mouse
brain tissue injected with red fluorescent microspheres (600nm diame-
ter) post-clearing. Gaussian (a) and Airy illumination (b) is shown. Tis-
sue surface is indicated by dashed white line. (c,d) FWHM measure-
ments of lateral (red) and axial (blue) bead sizes. Solid lines indicate a
linear fit to the FWHM measurements as a function of tissue depth. Scale
bar in (a,b): 50 pm.
the same sample. Due to the spatially variant axial PSF of the Gaussian light-sheet,
beads are only detected in distinct regions of the image, highlighted by arrows in Fig.
5.8(a), and also observed by empty or sparse regions at corresponding positions in Fig.
5.8(¢).
Finally, Fig 5.8(c,d) shows that Airy illumination allows images to be recovered
from greater depths within the tissue section. The deepest observable feature in the
Gaussian image was at z7 = 251 & 1 below the tissue surface whereas the deepest ob-

servable feature in the Airy image was at z; = 383 £ 1. This is approximately 50%

(125 um) deeper and may be underestimated as the depth of the tissue section is ap-

proximately 400 um.
Beam Type | Fit Orientation | FWHM at surface (pm) | Gradient FWHM vs Depth
Airy Lateral 1.18 £0.04 0.0017 £0.0002
Axial 1.44 +0.06 0.0026 +0.0003
Gaussian Lateral 1.1 £0.1 0.0019 £0.0006
Axial 1.16 £0.09 0.0022 +0.0006

TABLE 5.2: Linear fits to the plot of FWHM vs depth in Figure 5.8(c,d)
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5.3 Discussion and conclusions

This Chapter has investigated the effect of illumination beam type on the image qual-
ity at depth within turbid samples. This study was performed in mouse brain tissue
slices expressing mCherry in a subset of hypothalamic neurons, and wild-type sam-
ples injected with fluorescent resolution markers. Both samples were imaged prior
to, and after, optical clearing with a 47% TDE solution. Image quality in both non-
cleared and cleared tissue is qualitatively higher for Airy light-sheet illumination, this
is attributed to the spatially variant axial resolution of the Gaussian light-sheet and
not in itself a figure of merit to be characterised in this study as this has already been
demonstrated in Chapter 4 to apply in all samples. A number of methods are used to
analyse the images acquired. First, a novel method based on the spatial Fourier content
within a given spectral window is used to analyse image quality irrespective of feature
size. Secondly, FWHM measurements of homogeneous resolution probes are used to
quantify maximum imaging depth within tissue. The results of these analyses show
an enhancement in image quality when using Airy LSM over Gaussian LSM in sam-
ples with strong aberrations. The average linear fit indicates the average enhancement
in non-cleared mouse brain tissue at 50 um depth is 3.2 times. This enhancement is
shown to be linked to the degree of aberrations and the enhancement factor decreases
in optically cleared tissue, where aberrations are reduced. This is further validated by
imaging at different depths within a thick cleared tissue slice. With increasing depth,
the gradient of enhancement factor increases, showing a stronger enhancement in the
presence of stronger cumulative aberrations at greater depth. The maximum imaging
depth achievable with Airy LSM was also found to be 50% (125 um) greater than with
Gaussian LSM.

An unexpected observation was the disappearance of resolution probes after the
clearing process. The polystyrene beads were shown not to dissolve in the TDE solu-
tion and so the great reduction in bead numbers is attributed to diffusion out of the
tissue during the clearing process. This was overcome by injecting beads into the tis-
sue post-clearing but remains a mystery. Future studies could make use of fluorescent

beads coated with antibodies targeted to specific structures within the tissue.
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An assumption used in this study is that the light-sheet profile is unaffected by
the refractive index change between PBS and the 47% TDE solution. The objective
lenses (Nikon CFI Apo 40x/0.8 DIC, w.d. = 3.5mm, water dipping) are designed for
use in water or equivalent fluids with n = 1.33. The 47% TDE solution has a refractive
index of approximately 1.42 [200] and will cause spherical aberration of the light-sheet.
The results of Fig. 5.6, Fig. 5.7, and Fig. 5.8 indicate that any spherical aberration
has a very small effect on the imaging performance of the microscope but the effect
on light-sheet shape could explain the curved stripe artefacts present in Fig. 5.4(b,d).
Given the increased refractive index of the imaging medium oil immersion objective
lenses may be more suitable for future studies involving optical clearing. This would
potentially allow more optimal concentrations of clearing solution, as 47% TDE in PBS
was chosen to trade off optical clearing potential against aberration caused by refractive

index mismatch.

Chapter summary

e Non-cleared and cleared mouse brain tissue slices can be used as a medium for
investigation of light-sheet illumination shape on image quality in turbid speci-

mens.

e Airy LSM achieves higher contrast than Gaussian LSM when imaging in turbid

tissue (3.2 times higher contrast at 50 um depth, gradient: 0.04 pm™1).

e Optical clearing is a useful tool to tune the aberrations of tissue sections for more

detailed analysis.

e The enhancement observed with Airy LSM is linked to aberration resistance of

the Airy beam.

e Airy LSM achieves 50% greater depth penetration than Gaussian LSM.
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Chapter 6

Advanced beam shaping strategies

for Airy light-sheet microscopy

Parts of this Chapter are adapted from the article " A compact Airy beam light sheet microscope

with a tilted cylindrical lens” [201], published in Biomedical Optics Express (2014).

6.1 Introduction

Building on the work laid out in Chapter 4, this Chapter now looks at two separate
advanced beam shaping strategies to enhance Airy beam based LSM.

The first technique investigates an ultra-low cost method for the generation of Airy
beams in order to realise a compact and low-cost microscope based on the Airy light-
sheet principle. This method involves tilting a cylindrical lens to induce the appropri-
ate aberrations to impart an approximately cubic phase profile of the beam. Simula-
tions are used to quantify the aberrations and the performance of the system is evalu-
ated experimentally.

The second technique goes beyond the standard Airy beam, exploiting so-called
attenuation-compensating [195] or loss-proof [202] Airy beams to counteract losses
from absorption in thick specimens and recover homogeneous illumination at depth
without relying on multiple illumination angles as in mSPIM (e.g. [41, 62, 64]). The
method is investigated through analysis of simulated MTFs with the aim of future im-

plementation on the Type-2 LSM system.

123
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6.2 Development of a compact and low-cost Airy light-sheet

microscope based on a tilted cylindrical lens

The Airy beam LSM described in Chapter 4 may be beneficial for biomedical imaging,
but its intended users may find the advanced optical concepts and the use of SLMs
daunting. Additionally, the cost of such advanced equipment is substantial, an SLM
will easily consume several thousand pounds of an equipment budget. As such, this
technique may only ever be used by a small group of collaborators with access to the
original microscope. In contrast, the OpenSPIM design, an open source light-sheet
design, can potentially be constructed in full for less than £15k [196]. In order to widen
accessibility and use of the Airy LSM technique, the equipment must be made as simple
and as low-cost as possible.

Custom made phase plates allow a static beam shape to be controlled but each
plate can still be costly (approx. £2k). This Chapter investigates the use of a tilted
cylindrical lens to generate the necessary phase profile for Airy light-sheet generation.
The cylindrical lens is a low cost element (<£100) and can easily be incorporated into
the OpenSPIM system for a low-cost and compact Airy LSM.

Modifications required to convert an OpenSPIM system are discussed, the quality
of Airy light-sheet that may be produced by a tilted cylindrical lens is investigated by

simulations, and image quality is experimentally determined.

6.2.1 Generation of Airy beams by harnessing low order aberrations

The generation of Airy beams from aberrations induced in a Gaussian beam when
passed through a series of cylindrical lenses appropriately offset laterally and angu-
larly from the optic axis was initially proposed by Papazoglou et al [197] for the gen-
eration of high intensity Airy beams across a wide range of wavelengths. Airy beams
can be generated with an SLM, as in Chapter 4, but rapidly varying phase profiles, as
are required near the edge of the pupil plane for high a—value Airy beams, cannot be
accurately produced, and SLMs can be sensitive to damage from high intensity illumi-
nation at short wavelengths. Fixed phase-plates can be manufactured to produce Airy

beams that may withstand high intensity, short wavelength irradiation but cannot be
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used to tune the a—value. The section below summarises the work by Papazoglou et al
in generation of tunable Airy beams with tilted cylindrical lenses [197].

One model for characterisation of aberrations resulting from an optical system is
the Seidel wave aberration [197, ]. For a single spherical lens, the Seidel wave aber-

rations, q§(4), are given by:

1 1
0 (r0, p,0) = — ;Bp' — (2C cos*(6) + D)rp?

+ Er3pcos(0) + Frop® cos(0)

(6.1)

where 7 is the object (or beam) radius, p and 6 are the radial and azimuthal coordinates
at the exit pupil, and B, C, D, E, and F are the coefficients of spherical aberration,
astigmatism, field curvature, distortion, and coma aberration respectively.

As an Airy beam can exist in a 2D space, spherical lenses are overly complicated for
Airy beam generation and a cylindrical lens will suffice. For a cylindrical lens, equation
(6.1) simplifies to:

1 1
¢ (ug, u) = _ZBU4 — 5(20 + D)udu® + Budu + Fugu® (6.2)

where u, is the object height (or beam width), and « is the transverse coordinate at the
normal cylindrical axis of the lens.

From equation (6.2) is is clear that the coma term creates a purely cubic phase mod-
ulation to an incident light field. This is hard to isolate from the other aberrations when
a single lens is used. However, this can be achieved by addition of a second cylindrical
lens of opposite power in such a way as to minimise all but the coma term [197, 203]. A
1D cubic modulation (1+1D Airy beam) can be formed from the lens pair shown in Fig.
6.1(a). To create a 2D cubic modulation (2+1D Airy beam), two orthogonally oriented
lens pairs can be used, as shown in Fig. 6.1(b). The amplitude of the cubic modulation

can be tuned by changing the tilt angle of the first lens in each pair [197].

6.2.2 Integration of tilted lens into a compact light-sheet microscope

A compact LSM, based on the OpenSPIM design [196], was constructed as the base for

the compact Airy LSM. This base system, referred to as the Type-3 system is shown in
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FIGURE 6.1: Generation of 1+1D and 2+1D Airy beams by cylindrical

lens pairs. (a) A pair of lenses offset by an angle, ¢, imparts a 1D cubic

modulation on the beam along the z—axis. (b) A series of orthogonally

positioned lens pairs offset by angles ¢; and ¢- respectively imparts a

2D cubic modulation along the z— and y—axes of the beam. Figure used
with permission from [197].

Fig. 6.2 and described below.

A laser (Laser Quantum, Finesse, 6W, 532nm) was coupled via a SM fibre into the
microscope and collimated by lens L1. The beam width is controlled by an adjustable
slit (AS; Thorlabs, VA100/M) which controls the effective NA of the light-sheet. A
cylindrical lens (CL; Thorlabs, LJ1695RM-A) focuses the beam into a horizontal line
on the mirror (M). A beam expansion telescope (L2,L3) then images this line onto the
back aperture of the illumination objective (MO;; Olympus, UMPLFLN 10x/0.3, wa-
ter dipping) which creates a vertically oriented (x — y plane) light-sheet in the spec-
imen chamber (SC). Fluorescence is collected from the light-sheet plane by a second
microscope objective (MO»; Nikon CFI Apo 40x/0.80 DIC, w.d. = 3.5mm, water dip-
ping) and f = 200mm tube lens (TL) onto a camera (CCD; Basler, piA640-210gm). A
laser line filter (Semrock, NF01-532-25) was used to reject scattered illumination from
the image. The sample was suspended within the water filled sample chamber in an
agarose gel extruded from a syringe tube and moved using a zyz linear stage (New-
port, M-562-XYZ) with manual actuators for z— and y—axes, and a motorised actuator
for the z—axis to enable accurate volumetric acquisition.

To enable Airy light-sheet illumination with the Type-3 system, a cylindrical lens
pair could be added between the adjustable slit and the existing cylindrical lens. This
would increase the overall size of the microscope as some components would have to
be moved back to accommodate the new optics.

To reduce the footprint of the compact Airy LSM, the roles of the second cylindri-

cal lens in the lens pair, for minimisation of additional aberrations, and the existing
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FIGURE 6.2: Schematic of the base system for the Type-3 light-sheet mi-

croscope. SMEF: Single-mode fibre; Lx: (spherical) Lens;AS: Adjustable

slit; CL: Cylindrical lens; M: Mirror; MOx: Microscope objective lens;

TL: Tube lens; F: Filter; CCD: (EM)CCD camera; SC: Sample chamber; S:
Sample.

cylindrical lens, for light-sheet formation, were combined and performed by a spher-
ical lens. The initial phase profile containing the cubic modulation is still generated
by a cylindrical lens that is tilted off-axis. This cylindrical-spherical lens pair design
reduces the overall footprint of the device. The Type-3 system with Airy illumination
capability is shown in Fig. 6.3

The only difference from the base system (Fig. 6.2) is the orientation of the cylindri-
cal lens, which has been rotated by 90° in the transverse plane of the beam, and then
tilted at an angle, 6, relative to the lateral plane to achieve a cubic phase modulation,
and the addition of a spherical lens (L) immediately after the cylindrical lens which is
used to minimise non-cubic aberrations and form a light-sheet with the correct orien-
tation.

The entire optical system has a small footprint, the whole microscope fits within
an volume of 35cm x 35cm x 10cm. This is mainly limited by the bulky sample stage
which is positioned to the left of the sample chamber as the system is shown in Fig.

6.3 and could be reduced by use of a smaller stage positioned in the space between
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SMF

(b)

FIGURE 6.3: (a) Schematic of the Type-3 light-sheet microscope. The
beam passes through one half of a cylindrical lens (CL) tilted at an an-
gle, 6, to the optic axis. A spherical lens, Ly, is placed after CL to min-
imise beam aberrations and correctly orient the light-sheet. The sample
stage (not shown) is positioned to the left of SC. SMF: Single-mode fibre;
Lx: (spherical) Lens;AS: Adjustable slit; CL: (tilted) Cylindrical lens; M:
Mirror; MOx: Microscope objective lens; TL: Tube lens; F: Filter; CCD:
(EM)CCD camera; SC: Sample chamber; S: Sample. (b) Photograph of
Type-3 light-sheet microscope. Scale bar in (b): approximately 5cm.
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illumination and detection optics.

6.2.3 Simulation of aberrations from single tilted cylindrical lens

The expected phase modulation from tilting the cylindrical lens (Thorlabs,
LJ1695RM-A) was determined from ray tracing simulations in Zemax using the model
supplied for the lens. It is only necessary to simulate behaviour across the normal
cylindrical axis of the lens. An array of 100 monochromatic rays was used for the sim-
ulation, uniformly spaced over a 5mm section of the lens, from the centre of the lens
extending out towards the edge, as shown in Fig. 6.4(a). The simulation was performed
for a number of commonly used fluorophore excitation wavelengths across the visible
spectrum. The lateral shift (Fig. 6.4(b)) of the beam and back focal length (Fig. 6.4(c))
were determined from the convergence of rays. The optical path length of each ray was
used to determine the wavefront aberrations at the focus. A cubic polynomial was fit-
ted to the wavefront to determine the a—value for Airy beam generation (Fig. 6.4(d)),
and the residual aberrations quantify the magnitude of higher order aberrations (Fig.
6.4(e)) .

Figure 6.4 shows that the aberrations induced by tilting the angle of the lens are
largely linear (lateral offset) and quadratic (defocus) phase polynomials. The resulting
beam therefore needs refocused and laterally adjusted. This is achieved in the Type-
3 system (Fig. 6.3) using lens, L4, and mirror, M. The inter-lens spacing between CL
and L, is set such that the beam is collimated onto mirror M and the angle of the mir-
ror is adjusted to ensure the light-sheet remains co-aligned with the focal plane of the
detection optics.

The cubic modulation (Fig. 6.4(d)) varies rapidly for 35° < § < 60°, yielding a—val-
ues from 4 — 15 for 40° < 6 < 45° which are appropriate for high-resolution LSM (see
Chapter 4.2). Over this angle range, the residual aberrations are minimal.

Additionally, the polynomial phase terms are remarkably wavelength independent,
most importantly the lateral and focal shifts, which would mean no adjustment of the
microscope would be required when switching between multiple illumination wave-
lengths. The a—value exhibits the strongest wavelength dependence, this must be con-

sidered when performing deconvolution of data acquired with different illumination
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FIGURE 6.4: Wavefront analysis of beam through tilted cylindrical lens.
Results of ray tracing simulation of monochromatic beam propagation
through tilted cylindrical lens (a). (b) Linear wavefront aberration (beam
tilt) against lens tilt angle, 6. (c) Quadratic wavefront aberration (defo-
cus, focal shift) versus tilt angle. (d) Cubic wavefront aberration (coma,
Airy) versus tilt angle. (e) Residual (quartic & quintic) wavefront aber-
ration versus tilt angle. A number of common illumination wavelengths
across the visible spectrum are simulated. Trace colours are matched to
the wavelength. Figure adapted with permission from [201].

wavelengths, but again does not require physical recalibration of the microscope optics.
The cylindrical lens in the Type-3 system was set at 40°, giving an expected cubic

modulation of o = 4.13 for A = 532nm illumination.

6.2.4 Assessment of image quality

Before use, the system must be calibrated as the light-sheet profile is unknown. This
was measured by placing a small mirror in the sample chamber oriented at 45° to both
objective lenses which permitted imaging of the light-sheet profile. The mirror was
scanned axially and the resulting light-sheet cross-sectional profile is shown in Fig.
6.5(a) and 6.5(b). This profile resembles an Airy beam but shows significant deviations,
however, an exact Airy profile is not the requirement for high axial resolution. The
recorded profile could, in principle, be used to construct the Wiener filter, Hy (z, k),

but if the recorded image extended beyond the range of the recorded light-sheet profile
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FIGURE 6.5: Imaging performance with the Type-3 Airy light-sheet mi-

croscope. (a) Experimentally measured Airy light-sheet cross-sectional

(x — z) beam profile. (b) Axial profile of Airy light-sheet at z = 20 um

showing similarity with, and deviation from, an Airy profile. + — z max-

imum intensity profiles of recorded (c) and deconvolved (d) volumes

acquired using the light-sheet in (a). Figure adapted with permission
from [201].

(along the x—axis), deconvolution would not be possible in those regions. As the mir-
ror placement and orientation can have a significant positional error, the experimental
light-sheet profile was used to fit a model for the pupil function. This allows calcula-
tion of the Wiener filter outwith the recorded region. The model for the pupil function
included phase modulations up to fifth order and amplitude modulations up to third

order to account for the phase distortions and non-uniform illumination given by:

Pfl-t(u) :[A() + Alu + A2u2 + Agug}
(6.3)

-exp(2mi[pzu’ + pau’ + ¢5u’])
where u is the normalised pupil coordinate.
Linear and quadratic phase polynomials are not included in the model as these are

adjusted with lens, Ly, and mirror, M. The coefficients determined for the model fitting

the profile in Fig. 6.5 are listed in Table 6.1.
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Coefficient | Ag | A1 | Ay | A3 | ¢3 | o4 | &5
Value 05|06 |-05|04 78165 |29

TABLE 6.1: Parameters of fitted pupil function for Type-3 light-sheet mi-
croscope. Coefficients of ‘" —order amplitude (A4,) and phase (¢,) poly-
nomials used in fitting the light-sheet profile for a tilted cylindrical lens.

Image quality was demonstrated by acquiring volumetric images of 600nm red flu-
orescent microspheres, embedded in 1% LMP agarose, and partially extruded from a
syringe suspended in the water-immersed sample chamber. Volumetric scans were
acquired with a z—plane spacing of 185nm. Figure 6.5(c) shows a (x — z) maximum
intensity projection of a recorded volume revealing an axial PSF similar to those ob-
served in Chapter 4 for a pure Airy light-sheet. Slight geometric distortions are also
observed and corrected for as previously described. Figure 6.5(d) shows the same pro-
jection after deconvolution. The axial resolution was measured to be approximately
1.9 pm across the FOV. Direct comparison could not be made against a Gaussian light-
sheet as this would require reconfiguration of the microscope. A Gaussian light-sheet
with the same NA would produce a light-sheet of 1.4 pm thickness but only over a FOV
of approximately 20 pm.

Image performance in a thick specimen was demonstrated by imaging musculature
in a zebrafish (Danio rerio) larva (see Appendix F.3 for sample preparation). Figure 6.6
shows selected regions of the image volume. Figures 6.6(a) and 6.6(b) show charac-
teristic shadowing artefacts common to cylindrical lens LSM implementations. Figure
6.6(a) shows the variation in cross-sectional area of the individual muscle fibres. Fig-
ures 6.6(c) and 6.6(d) show disc-like structures (sarcomeres) within each fibre can be
resolved. Part of the V-shaped intermuscular septa (diagonal line in Fig. 6.6(c) and

6.6(d)) is also visible in the images.
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FIGURE 6.6: Airy light-sheet imaging of zebrafish musculature with

the Type-3 system. Maximum intensity projections of selected regions

from a volumetric scan showing f-actin in the musculature of a zebrafish

larva. (a) x — z projection centred at y = —40 um. (b) z — y projection

centred at z = —10 um. y — z projections centred at # = 10 pm (c) and

x = 45 um (d). The thickness of each prjected section is 7.4 pm. Figure
adapted with permission from [201].

6.3 Attenuation-compensated Airy light-sheets for improved
illumination uniformity at depth with a single illumina-

tion lens

Attenuation of the light-sheet limits the imaging depth that can be achieved within
thick samples and also reduces the uniformity of light-sheet illumination across the

FOV. This issue has been overcome by the use of multi-view reconstruction techniques
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as discussed in Chapter 2.3.5, but these techniques necessitate an additional illumina-
tion pathway entering the sample from the opposite side of the FOV which can limit
sample choice. For example, a 2 objective LSM system could conceivably be used for
in vivo imaging of an exposed mouse brain, however this would be impossible using
a 3 objective (2 illumination pathways) setup. Other multi-view methods involve ro-
tating the sample and acquiring images from different views, again there are scenarios
where this becomes difficult or impossible. Multi-view techniques also have intrinsi-
cally lower temporal resolution and increased photodamage as multiple sample expo-
sures are required per image. Multi-photon excitation LSM can penetrate deeper into
tissue but greatly increases system cost and limits fluorophore choice. Samples may
be optically cleared to decrease sample attenuation, as discussed in Chapter 5, but this
precludes live imaging.

Ideally, an imaging method would work in the single-photon excitation regime,
utilise only one illumination pathway, one sample exposure, and be compatible with
living specimens.

Attenuation-compensation of Airy beams is a beam shaping technique which has
been demonstrated to overcome beam attenuation in absorbing media [195]. The tech-
nique is investigated for use in LSM for increasing imaging depth and uniformity of
illumination. Beam propagation simulations and analysis of the axial MTF are used to

characterise the performance of attenuation-compensated Airy light-sheets.

6.3.1 Attenuation-compensated Airy beams

All beams experience an exponential decay of intensity upon propagation through an
absorbing medium. The Airy beam may be modified to counteract this intensity de-
cay over a finite range. The following section summarises the approach of Preciado,
Dholakia, and Mazilu to create attenuation-compensated Airy beams [195].

The spatial Fourier spectrum of a 1+1D (infinite energy) Airy beam propagating

through a linearly absorbing medium can be approximated as:

~ ik2z Cops? ixdk3
E(ky, 2) ~ — e —z 4
(kz,2) =~ exp <2nk0 —ro inkoz 5 ) exp ( 3 > (6.4)
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where £k, is the spatial frequency of the transverse coordinate, z, z is the longitudinal
coordinate, ky = 27/ is the vacuum wavevector, and n and Cy;s are the refractive
index and absorption coefficient or the absorbing medium respectively.

The Fourier transform of (6.4) yields the propagation of the Airy field in the absorb-

ing medium:

x 22 Copsz 23 202 Tz
E =Ai|——— — | — — — — ——— 6.
(@,2) ' <$0 423) P < 2 > xp <Z [1223 x% 29:020]) 65

where 7y = nkzoaz%.

The middle term, exp(—Cyps2/2), characterises the decay of the field upon propa-
gation. As this stems from a real exponential term in the Fourier spectrum of the beam,
it can be accounted for by introducing another exponential, exp(—bok,) which results

in the field equation:

2 .
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The total intensity loss due to absorption, C?, , is now given by:

bo

Caps = Cabs — 2070 (6.7)

For by = 2020Caps, the beam will completely counteract attenuation and the inten-
sity of the main lobe will propagate without decay, as if in free-space. In free-space,
bp # 0 will result in a beam where the intensity of the main lobe increases or decreases
with propagation.

This treatment can be extended to 2+1D Airy beams, where the overall compensa-

tion is the sum of the compensation along each individual axis:

boz b
C(/zbs = Caps — Or _ (6.8)
Zozo0 Yozo

Attenuation-compensation is essentially the application of an amplitude mask in

the pupil plane which weights each spectral component based on the path length of
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FIGURE 6.7: Ray optics representation of an Airy beam with a short-

focussing (red) and long-focusing (blue) ray highlighted. The rays trace

out a parabolic trajectory. Inset shows the corresponding Airy beam in-
tensity profile.

that component before it contributes to the main lobe of the beam. This is illustrated
in Fig. 6.7. This shows a ray optics representation of an Airy beam, the rays trace out
the characteristic parabolic trajectory of the Airy beam. The red ray, from the top of
the aperture, contributes to the Airy profile in the region nearest the lens, the blue ray,
from the bottom of the aperture, contributes to the Airy profile furthest from the lens.
Therefore attenuation-compensation is achieved by amplification of the rays, increas-
ing exponentially from red to blue rays.

The compensating term, exp(—bgk;), can easily be applied to the Fourier spectrum
on the beam with a digital micromirror device (DMD), SLM or other beam shaping
device. These devices cannot provide gain to the beam and therefore cannot alone
compensate for absorption. Instead, these devices introduce loss in the spectral com-
ponents which contribute to the main lobe at shorter propagation distances. This gives
the appearance of a beam which does not decay but the overall power in the beam is
reduced. The intensity of the beam at the end of the attenuation-compensated region
is equal to the intensity of the same beam without compensation. Gain is provided by
increasing the laser power of the beam incident on the beam shaping device.

Attenuation-compensation is not a technique specific to the Airy field and can, in
principle, be applied to any other propagation-invariant beam type. Control of the
axial propagation characteristics has been demonstrated for Bessel beams [204] and

Airy-like, self-accelerating beams with a circular trajectory [202].
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FIGURE 6.8: Absorption coefficients of biological tissue components.

Water (blue), blood (red), fat (magenta), yellow pigment (yellow), and

melanin (green), shown in a variety of biologically relevant concentra-

tions. Figure used with permission from [205] (©Institute of Physics and

Engineering in Medicine. Reproduced by permission of IOP Publishing.
All rights reserved.

6.3.2 Generation of an attenuation-compensated Airy light-sheet

Attenuation-compensated Airy light-sheets were simulated in 2D as described in
Chapter 4. Attenuation was introduced by multiplication of the free-space light-sheet
profile by an exponential term, exp(—Cypsz). Figures 6.9(a) and 6.9(b) show the prop-
agation of an Airy7 light-sheet in free space and in absorbing media (Cjps = 100cm™1)
respectively.

Absorption in biological tissue varies greatly depending on the type of tissue.
Jacques gives a comprehensive review of scattering and absorption coefficients for bio-
logical tissues [205]. Figure6.8 shows absorption coefficients for the major tissue com-
ponents which contribute to scattering. Cyps = 100cm ™! was chosen as the absorption
coefficient for this study as it represents the upper end of the range found in biological
tissue.

As attenuation is effectively an exponential weighting of spatial frequencies, the
pupil function no longer has an amplitude resembling a top-hat function, at one side

of the aperture, the field amplitude will be low, at the other however, the amplitude
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will be increasing sharply and then decay to zero rapidly due to the finite extend of the
pupil, a so-called hard aperture. This sharp spike causes unwanted intensity modula-
tions along the lobes of the light-sheet profile (see Fig. 6.9(e)). This issue was overcome
by implementing a soft-aperture with an 8-th order super-Gaussian apodization [198].

The pupil must now extend beyond NA = 0.42 (as was previously used in LSM
simulations) to accommodate the soft-aperture. The hard-aperture was therefore in-
creased to NA = 0.6 which is still within the maximum NA offered by the objectives
in the Type-2 system and compatible with future experimentation. The normalisation
of the pupil plane sets |u| = 1 to correspond to the maximum NA, this necessitated an
increase in a—value such that the strength of the cubic modulation was consistent with

that of an Airy7 beam with NA = 0.42. The resulting pupil function is described by:

P(u) = Aexp[2miau®] exp[—(1.3v/2u)®] exp[o(u — 1)] (6.9)

where u is normalised such that |u| = 1 corresponds to NA = 0.6. the first exponential
term describes the cubic modulation for Airy beam generation, the second term is the
super-Gaussian apodization function, and the third term is the attenuation compensat-
ing term with compensation parameter, o, which is by expressed in normalised pupil
coordinates. An additional scaling factor, A, is used to keep the amplitude of the pupil
function between 0 and 1.

Figures 6.9(b), 6.9(d), and 6.9(f) show a soft-apertured Airy light-sheet (« = 21)
equivalent to the hard-apertured Airy7 light-sheet. Figure 6.9(f) shows that there are
fewer distorting ripples in the light-sheet profile than with a hard aperture. However,
the intensity of the main lobe in Fig. 6.9(b) indicates that the FOV of the soft-apertured
beam is slightly shorter than with a hard aperture. This is expected as the spatial fre-
quencies corresponding to the extremes of the FOV have been attenuated by the super-
Gaussian apodization and is also expected to lower the attainable axial resolution.

The scaling factor, A, was determined such that the maximum pupil magnitude for
any light-sheet was 1, and that all light-sheets have a comparable intensity at the start
of the propagation-invariant region. Figure 6.10 shows normalised pupil functions for

selected compensation factors. Their normalisation factors and relative total powers
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FIGURE 6.9: Simulations showing the effect of hard and soft apertures

on attenuated Airy light-sheet. Propagation of hard-apertured (a,c) and

soft-apertured (b,d) Airy light-sheets in free-space (a,b) and in an ab-

sorbing medium (c,d). (e,f) Zoomed-in view of the circled area in (c) and
corresponding area in (d) respectively.

o 0 1025] 05 | 1 2

A 019 | 028 | 0.40 | 0.81 | 3.61
JIP(uso)ldu |1 109 | 123 | 1.50 | 3.02
J1P(u;0)|du

TABLE 6.2: Parameters of normalised pupil functions for attenuation-

compensated light-sheets shown in Fig. 6.10. ¢: Compensation pa-

rameter; A normalisation factor; [|P(u;o)|du/ [|P(u;0)|du: Normalised
power in light-sheet relative to o = 0.

are given in Table 6.2.

Table 6.2 shows that by using attenuation-compensation, more power, and therefore

intensity, can be targeted to greater depth within a sample. For o = 1, 59% more power

is delivered by the light-sheet than when no compensation is used.



140 Chapter 6. Advanced beam shaping strategies for Airy light-sheet microscopy

1.0

0.8

0.6

[P(u)l

0.4

0.2

FIGURE 6.10: Normalised pupil functions for attenuation-compensated
light-sheets. Magnitude, | P(u)|, of pupil functions for Airy light-sheets
with compensation factors, o = 0.25,0.5, 1,and 2.

6.3.3 Theoretical imaging performance of an attenuation compensated Airy

light-sheet

The expected imaging performance of attenuation-compensated Airy light-sheets in
absorbing media was assessed through analysis of the axial MTE. « — z light-sheet pro-
files were simulated as described in Chapter 6.3.2 with o = 21 and Cyps = 100cm™.
Figure 6.11 shows the light-sheet profile, peak transverse intensity, and 5% thresholded
MTF for selected compensation coefficients. The spatial frequency, k. is normalised to
2NA /A, where NA = 0.42 is used for comparison with the results of Chapter 4 and
to be consistent with the soft aperture pupil function. The MTF was normalised such
that its peak magnitude was unity, the additional power delivered by the compensated
light-sheet was accounted for by additionally scaling the MTF by A(o)/A(0), the ratio
of the pupil normalisation factors for the compensated and non-compensated light-
sheets.

The light-sheet profile with no compensation, propagating in free space is shown in
Fig. 6.11(a) and is used as a baseline for comparison. The 5% MTF threshold is similar
to that shown for the Airyl0 (NA = 0.42) light-sheet shown in Fig. 4.5 and peaks
at k. = 0.66, corresponding to an axial resolution of approximately 1 um, the same

as achieved experimentally in Chapter 4. The light-sheet maintains a peak intensity
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FIGURE 6.11: Simulated profiles and modulation transfer functions of
attenuation-compensated Airy light-sheets. Light-sheet 2 — z cross-
sectional profiles (i), peak transverse intensity (ii), and intensity nor-
malised MTFs thresholded at 5% for attenuation compensated Airy
light-sheets in an absorbing medium with absorption coefficient, Cyps =
100cm~'. (a) ¢ = 0 (no compensation) in free-space, (b) o = 0, ()
o =025 (d) o =205 ()0 =1,and (f) o = 2. (b-e) show under-
compensation, whereas (f) shows an over-compensated case. Green
dashed lines indicate the axial resolution achieved in free space with no
compensation.
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(intensity of the main lobe) that is constant over approximately 100 um, after which it
begins to decay. Attenuation of this light sheet (Fig. 6.11(b)) causes a shift of the MTF
5% threshold to lower spatial frequencies and peaks at lower x. The longitudinal peak
intensity profile decays as expected, giving non-uniform illumination.

Including a compensation factor reverses this trend. Figures 6.11(c) and 6.11(d)
show under-compensated cases, but the longitudinal peak intensity profile becomes
more homogeneous with increasing o and the MTF trends back towards the free space
scenario, increasing the spatial frequency of the 5% threshold and shifting the peak
back to x = 0.

Figure 6.11(e) shows an under-compensated case which is close to completely nul-
lifying the attenuation of the medium. The longitudinal peak intensity profile is almost
flat within the central region and the thresholded MTF very closely resembles the case
shown in Fig. 6.11(a). Interestingly, the peak spatial frequency exceeds that of the free-
space case. This may be due to high amplification of the high spatial frequencies at one
side of the pupil or may be an artefact of the analysis. Additionally, another deviation
is observed for low z, showing a slight rise in the MTF threshold.

Figure 6.11(f) shows the case of over-compensation. The longitudinal peak intensity
profile is inhomogeneous but increases on propagation instead of decreasing. There is
a kink in the peak intensity profile at approximately z = —80 um which is attributed
to the intensity of the intensity of the side-lobe section of the light-sheet exceeding the
intensity of the main lobe. The thresholded MTF peaks in the centre as expected and
peaks at an even higher spatial frequency than in Fig. Figure 6.11(e). The low z artefact

is also greatly increased, suggesting a link between this and the peak intensity kink.

6.4 Discussion and conclusions

This Chapter has explored the use of advanced beam shaping concepts in Airy LSM.
Tilted cylindrical lenses have been investigated as ultra low-cost elements for Airy
light-sheet generation. Simulations have shown that a rather high quality Airy light-

sheet can be generated by controlled tilting of a cylindrical lens. The other distortions
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to the light-sheet are 15— and 2"?—order phase polynomials (tilt and defocus respec-
tively) which can be adjusted for through careful microscope design (Type-3 LSM sys-
tem). Ray tracing simulations also show that even a simple singlet lens has a behaviour
that is remarkably wavelength independent. Experimental validation reveals that the
aberrations are more complex than indicated by ray tracing simulations but are still
suitable for high axial resolution imaging over an extended FOV and result in a PSF that
resembles the characteristic PSF on an Airy light-sheet. Images of resolution probes in-
dicate an axial resolution of 1.9 um is achieved over a FOV of approximately 120 um.
Direct experimental comparison between beam types is not possible with the Type-3
system but the FOV is estimated to be at least 6 times larger than the equivalent Gaus-
sian light-sheet. This is lower than the improvement over a Gaussian light-sheet that
is achieved with the SLM based Type-1 and Type-2 systems but is limited by the FOV
of the camera sensor, the resolution of the Airy light-sheet beyond the camera sensor is
unknown.

Ray tracing simulations indicate that aberrations are limited to 15—, 2"¢—, and
37 —order polynomials for a wide range of tilt angles. The typical a—values for Airy
light-sheet imaging can be achieved within this tilt range. 1%~ and 2"?—order polyno-
mials can be adjusted for in a calibration phase prior to imaging and are remarkably
independent of wavelength, making the technique suitable for multi-colour acquisi-
tion.

The compact and low-cost Type-3 Airy LSM presented here is rather robust in
construction as it based on the popular OpenSPIM design [196]. The microscope is
portable, occupying a 35cm x 35cm x 10cm volume, and could be easily transported
for increased accessibility to end users. A more sensitive camera would be preferable
to improve the quality of image and allow imaging of weakly fluorescent samples. The
system presented utilised a fibre coupled laser source which is large with respect to the
microscope but this could be replaced with a small laser source on the optical bread-
board of the microscope as in [196]. Further additional equipment is minimal as all
hardware can be controlled via a PC through uManager [206, 207]. The Wiener decon-
volution algorithm used with this system is relatively simple and does not require so-

phisticated computer hardware to function. The algorithm has been implemented on a
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domestic laptop with 8 Gigabytes (GB) and can process 4GB datasets in approximately
5 minutes. This keeps the overall footprint low as no large equipment is required to
accompany the microscope.

Experimental results do not agree perfectly with simulations as the experimental
light-sheet profile has significant deviations from a true Airy light-sheet. This can
be modelled and an accurate light-sheet profile was determined and allowed accurate
Wiener deconvolution. A more Airy-like light-sheet profile may be generated through
additional spatial filtering of the laser beam incident on the titled cylindrical lens, or
by use of additional elements to minimise non-cubic phaser aberrations from the tilted
lens. This approach would increase the cost and complexity of the microscope and is
not necessary. A strict Airy profile is not a requirement for high axial resolution over
a large FOV in LSM. Image quality may also be aided by a more accurate model of
the light-sheet profile or by an iterative deconvolution algorithm that does not require
precise knowledge of the light-sheet profile. Both these approaches retain optical sim-
plicity but increase the computational workload.

Attenuation-compensation techniques have recently been demonstrated for several
families of self-accelerating beam [202], including the Airy beam [195], and could be
complimentary for LSM with an Airy beam. The second part of this Chapter has used
simulations to investigate the use of attenuation-compensated light-sheets to improve
the uniformity of illumination in a single-illumination approach, not requiring mul-
tiple illumining light-sheets or multiple sample exposures as commonly used [41, 45,

, 64]. A soft-aperture is used for apodization in the pupil plane to remove beam
artefacts stemming from sharp discontinuities in the pupil and absorption of the light-
sheet. Consideration is given to the normalisation of the light-sheet pupils with varying
degrees of attenuation-compensation to allow direct comparison between light-sheets,
this analysis also quantifies the additional power that may be delivered into the sam-
ple by a compensated light-sheet without increasing the peak intensity. Finally, image
performance is characterised by analysis of simulated MTFs with varying degrees of
attenuation-compensation. This revealed that an Airy light-sheet with compensation

factor matched to the sample absorption coefficient could potentially yield illumination
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which is homogeneous and uniform throughout the FOV and give the same axial res-
olution as the equivalent non-compensated Airy light-sheet propagating in free space.

The thresholded MTF plots shown in Fig. 6.11 raise questions regarding the normal-
isation of the MTF as it would appear that attenuation-compensated beams in absorb-
ing media can potentially yield resolution in excess of their non-compensated coun-
terparts in free-space. This may well be the case as the pupil functions (Fig. 6.10
of compensated light-sheets do extend to marginally higher « than those of a non-
compensated light-sheet. As observed in the case of slight under-compensation of the
absorption (Fig. 6.11(e)), the increase in axial resolution is minimal. This effect may be
linked to the high-frequency artefact in the MTF for low x, which is believed to stem
from the high intensity of the side-lobe region of the Airy light-sheet relative to its main
lobe. This suggests there will be a maximum compensation factor, and therefore maxi-
mum attenuation which may be overcome by this technique. Further investigation into
these aspects is required.

An alternative approach to the image quality obtained by attenuation-compensated
light-sheets might be to leave the MTF normalised as standard, and instead introduce
a spatially variant SNR into the Wiener filter. This may mitigate the effect of the high
frequency artefact observed in the MTF for low z, which may be caused by the ampli-
fication of MTF by the pupil normalisation factors. In this case, equation (4.12) would

become:

2NAi

SNR(w, k) = AAr(x) ==

(6.10)

where A;(x) is an additional, spatially variant scaling factor, dependent on the trans-
verse light-sheet intensity.

Experimental validation is the next step for this project. The exponential amplitude
modulation can be easily implemented using the SLM in the Type-2 system and the
deconvolution algorithm requires only small changes to implement scaling of the OTE.
A challenge for experimental validation may be finding suitable samples in which to
test the technique. An initial test should focus on ideal samples with minimal scat-

tering and quantified absorption, dyes with strong absorption at the laser wavelength
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will generally exhibit some level of fluorescence which may result in a spatially vari-
ant background in the image. Care should be taken to spectrally separate this from
the desired signal from resolution probes and careful selection of filters. In biological
samples, strong absorption is rarely observed in isolation and scattering will also affect
the imaging process. Experimentation will also be required to investigate the effect of
scattering on attenuation-compensated light-sheet imaging.

LSM with multi-photon excitation is much less affected by scattering than single-
photon excitation LSM due to the longer wavelength of the illumination [205]. How-
ever, the absorption coefficient of water increases at longer wavelengths [208] and, as
the 2PE signal scales with the square of the intensity, absorption of the illuminating
light-sheet may be even more detrimental in the multi-photon regime than for single-
photon excitation. Use of attenuation-compensation of in 2PE-LSM can counteract this,
provided enough power can be delivered in the compensated light-sheet to achieve
sufficient 2PE fluorescence signal.

Although attenuation-compensation has been investigated to overcome the effects
of absorption, leading to an exponential compensating term, other shapes of compen-
sating filter may have uses in LSM. The compensation filter may allow isolated imaging
of a small region over a limited x—axis range by using a filter that peaks at a certain
position in the pupil plane. This would be particularly useful for long term imaging
of photosensitive samples. An initial large volume scan could be performed and from
this, a region of interest (ROI) could be selected. The compensation filter could then be
used to minimise the light-sheet intensity outside this ROI, reducing the photodamage
to the specimen. This would require no mechanical adjustment of the microscope. In-
vestigation of the limits of this filtering method, such as how narrow can the ROI be
made, and what impact does this have on the axial resolution, would be required.

Just as low cost elements have been used for generation of Airy light-sheets
by manipulation of phase, low cost and compact implementations of attenuation-
compensation may be possible with readily available optics, albeit with a more limited

choice of amplitude functions. For example, the pupil function of an Airy light-sheet
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FIGURE 6.12: Simulated profiles and modulation transfer functions
of Airy light-sheets with linear attenuation-compensation. Light-sheet
x — z cross-sectional profiles (i), peak transverse intensity (ii), and inten-
sity normalised MTFs thresholded at 5% for attenuation compensated
Airy light-sheets in an absorbing medium with absorption coefficient,
Caups = 100cm~1. (a) o = 0 (no compensation), (b) o, = 0.5. Green
dashed lines indicate the axial resolution achieved in free space with no
compensation.

after passing through a linear neutral density (ND) filter is given by:

P(u) = Aexp[2miou®] exp[—(1.3v2u)®]op (u 4 1) (6.11)

where o7, is the linear compensation factor.

This pupil function yields a light-sheet in an absorbing medium (Cys = 100cm™!)
as shown in Fig. 6.12 for o, = 0.5.

Figure 6.12 shows that even a linear compensating term could potentially be used
to effectively counteract attenuation of the light-sheet.

This study has only investigated the use of attenuation-compensation for light-
sheets formed by cylindrical focusing. In a DSLM the scanned light-sheet is formed
from 1D scanning of a beam formed by a 2D pupil function, P(u, v). As the light sheet
is integrated along the y—axis in the sample, essentially any pupil function along v
can be used without affecting the integrated light-sheet profile. If a 2D Airy beam is

used, attenuation-compensation may also be applied along the v—axis. This does not
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alter the light-sheet profile as the intensity is integrated. However, this does poten-
tially allow new schemes to reduce the instantaneous peak intensity at any given point
in the sample. For low z, the light-sheet profile in an attenuating medium reaches its
maximum value, for large z, the peak intensity is low, the instantaneous peak inten-
sity of the scanned beam matches this trend. If compensation is applied along v the
total intensity in a transverse plane at low z will have increased, increasing the overall
intensity of the light-sheet profile but without increasing the instantaneous peak inten-
sity of the scanned beam, potentially allowing an increased SNR without increasing

photodamage.

Chapter summary

¢ Advanced beam shaping strategies can be used to compliment the Airy LSM tech-

nique.

e A compact, low cost, and portable Airy LSM can be constructed by adding a tilted

cylindrical lens to an existing LSM system.

e Such a tilted lens based LSM was demonstrated, giving axial resolution of ap-
proximately 1.9 pm over a FOV of 120 pm, over 6 times greater than the equiva-

lent Gaussian light-sheet.

e Attenuation-compensated Airy beams have been shown, in simulations, to en-
able light-sheet imaging at greater depths (approximately 100 um deeper in
x) into absorbing tissue, recovering the performance of the equivalent non-

compensated Airy light-sheet in free-space.

e Future investigations will experimentally investigate the use of attenuation-
compensated Airy light-sheets and there are many directions, such as ROI tar-
geted imaging, multi-photon excitation LSM, investigation into other forms of
compensating pupil functions, and reduced photodamage DSLM implementa-

tions, that this work may take.
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Chapter 7

Structured illumination microscopy

for diagnosis of nephrotic disease

Parts of this chapter are adapted from the article "Visualization of podocyte substructure with
structured illumination microscopy (SIM): a new approach to nephrotic disease” [209] pub-

lished in Biomedical Optics Express.

7.1 Introduction

Nephrotic syndrome is a catch-all term for a group of debilitating and sometimes lethal
diseases in which normal kidney function is disrupted and its ability to retain proteins
in the blood while filtering smaller molecules into the urine is lost. Within the kidney,
the ultrastructure of the glomerulus (described in detail by Mundel and Reiser [210]
and summarised below) is of key diagnostic importance. The ultrastructural features
of interest are at or below the diffraction limit for light microscopy; foot processes have
a diameter of between 250 — 700nm [211] and filtration slit diaphragms between them
have a width of approximately 40nm [212]. As such, visualisation of these structures
and diagnosis of nephrotic disease relies on electron microscopy (EM).

Diagnosis by transmission electron microscopy (TEM) suffers from a limited FOV
(<10 x 10 um?) of very thin sections of tissue (approximately 100nm), requires costly
equipment and specially trained technicians to prepare samples, and is time consum-
ing; routinely taking up to a week for the preparation, imaging, and analysis of a sam-
ple. With the recent advent of SR optical microscopy visualisation of these structures

by optical microscopy may be feasible. An optical technique could make use of much
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more accessible immunofluorescent staining protocols for sample preparation, and en-
able visualisation of larger and thicker tissue sections.

Confocal microscopy has been used to visualise the glomerular ultrastructure in
transgenically fluorescent mouse models where a small subset of glomerular cells ex-
hibit fluorescence [213, ] but cannot sufficiently resolve individual ultrastructural
features when globally stained with exogenous dyes [214]. STORM has been applied
to related structures within the glomerulus [215]. This promising study, which corre-
lates the structures observed by STORM and TEM, is not directly applicable to routine
diagnosis as STORM requires additional sample preparations for modulation of fluo-
rophores, limits fluorophore choice, and cannot capture the full 3D nature of the ultra-
stucture over a sufficient volume of tissue. Recently, STED microscopy has also been
used to image an optically cleared glomerulus [216], yielding approximately 50nm
isotropic resolution throughout. This technique is also not directly applicable for di-
agnosis due to the extended (> 20 days) optical clearing procedure used [216].

SIM gives only a modest improvement of resolution, breaking the diffraction limit
by a factor 2, but this may be sufficient to resolve the necessary ultrastuctural details
with standard immunofluorescence preparations and could enable 3D views of thick
tissue sections by its optical sectioning ability. This chapter describes the proof of con-

cept experiment exploring the use of 3D-SIM for the visualisation of nephrotic disease.

7.2 Nephrotic disease

The primary symptom of nephrotic disease is elevated protein content in urine caused
by disruption to normal kidney function and failure to retain these proteins in the
blood. Normally, protein loss through urine (proteinuria) for a healthy person does
not exceed 150mg/day [210], and anything above this is considered indicative of kid-
ney disease. Interestingly, after exercise, proteinuria can increase transiently for 24 — 48
hours with rates up to 10g/day observed for particularly high-intensity exercise, such
as a marathon [210, . This transient, and perfectly healthy, renal response indi-
cates that proteinuria, while heavily correlated with nephrotic disease, is not in itself

causative of kidney failure [210].
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a Normal

Glomerulus

Top view

FIGURE 7.1: Normal and diseased podocyte structure. (a) Normal
podocyte structure. Left: schematic representation of the glomerulus.
Podocytes (blue) cover the outer surface of the GBM (black) and con-
nect to it at multiple locations (FPs; red). Middle: Scanning electron mi-
croscopy (SEM) image of a podocyte on the GMB showing the dense and
complex podocyte morphology. Right: TEM image of glomerular filtra-
tion barrier cross section (top) and tangential schematic (bottom). (b)
Podocyte structure in nephrotic disease. Left: Podocytes (blue) no longer
connect to the GMB at multiple discrete points as effacement of foot pro-
cesses occurs. Middle: SEM image showing loss of the tight interdigitat-
ing podocyte substructue. Right: Cross sectional TEM image (top) and
tangential schematic (bottom) of the glomerular filtration barrier with
nephrotic disease. AA: afferent arteriole, BS: Bowman's space, CB: cell
body (podocyte), CL: capilary lumen, DT: distal tubule, E: glomerular
endothelial cell, EE: efferent arteriole, FP: foot process, GBM: glomeru-
lar basement membrane, M: mesangial cell, MP: major process (pedicel),
PT: proximal tubule, SD: slit diaphragm. Figure used with permission
from [210].
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Within the kidney, one subsystem is of particular interest in relation to nephrotic
disease, the glomerulus (Fig. 7.1). Each kidney contains approximately 1 — 1.2 million
glomeruli, which are multicellular filtration apparatus. Derived from the latin, glomus
meaning "ball of yarn", the glomerulus is a tightly coiled ball of interconnected cap-
illaries. The podocyte, one of three cell types constituting the glomerulus, covers the
surface of glomeruluar capillaries (Fig. 7.1(a)). Podocytes have cytoplasmic extensions,
pedicels, emanating from their cell body which branch and terminate in small projec-
tions of between 250 — 700nm diameter [211], called foot processes (FPs). Pedicels and
FPs or adjacent podocytes connect in a tightly interdigitated arrangement and attach
to the underlying glomerular basement membrane (GBM) by thin filtration slits, an-
choring the capillaries in place and completing the filtration barrier [210]. This barrier
is incredibly efficient at filtering macromolecules (proteins) based on size and charge.
Effacement (loss) of this highly ordered podocyte substructure (Fig. 7.1(b)) results in
protein leakage and is the major structural change associated with nephrotic disease
[210].

The model of filtration occurring primarily at the glomerular membrane, was chal-
lenged by in vivo 2-photon microscopy of fluorescently labelled albumin throughout a
rat kidney which observed 50 times the expected albumin leakage through the GBM
than expected [213]. This claim was later refuted and accounted for by experimental
artefacts [17, 219], highlighting the need to consider limitations of the imaging system
when carrying out experiments.

The diagnostic features of the primary causes of nephrotic syndrome are sum-

marised below.

Minimal change disease

Minimal change disease is the most common cause of nephrotic syndrome in children
and is so called because, by traditional light microscopy, glomerular ultrastructure ap-
pears normal. Diagnosis requires observation by EM and reveals a high degree of ef-

facement of podocyte FPs [220, 221].

Membranous nephropathy

Membranous nephropathy is characterised by intermediate podoctye FP effacement
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and thickening of the GBM throughout the glomerulus when observed by EM. Diag-
nosis by light microscopy is possible through immunostaining of immunoglobulin G

and C3 which reveal granular deposits [220, 221].

Focal segmental glomerulosclerosis

Focal segmental glomerulosclerosis is characterised by sclerosis (hardening) and hyali-
nosis (amorphous, glassy appearance) of segments of glomeruli revealed by EM, al-
though not all glomeruli are affected. Deposits of immunoglobulin M and C3 can be

observed by light microscopy through immunostaining [220-222].

7.3 Structured illumination microscopy of renal biopsies

In order to test the ability of 3D-SIM to resolve podocyte substructure, a fluorescent
probe was tagged to podocin, a protein which localises to the outer edge of FPs [223].
The predicted image was anticipated to show a curvilinear outline of FPs similar to FP
profiles observed by TEM. Additionally, with pathological diagnosis in mind, sample
preparation was restricted to using only standard immunofluorescence equipment and
reagents which would typically be found in a surgical pathology laboratory.

Kidney tissue used in this study was excess tissue from patient biopsies taken for
diagnosis of kidney disease, no tissue was obtained primarily for research. The re-
search usage of this tissue was approved by the Montefiore-Einstein Institutional Re-
view Board (docket #2014-3678). Three tissue sections were of normal (healthy) biop-
sies, three were diagnosed as minimal change disease, and two were diagnosed as
membranous nephropathy. The tissue was frozen in O.C.T.7™ tissue mounting me-
dia (Sakura Finetek, 4583) immediately following biopsy. The tissue was prepared for
imaging by SIM and TEM as described in Appendix F.4.

Samples were imaged using a commercial structured illumination microscope
(Nikon, N-SIM on Eclipse Ti base unit) with both epi-fluorescence and 3D-SIM imag-
ing modalities. Epi-fluorescence images were acquired at 20x (Nikon, Plan Fluor 20x
Phl DLL) or 100x magnification (Nikon, Plan Apo TIRF 100x Oil DIC H N2) with FITC

filter sets, and imaged onto an electron multiplied charge coupled device (EMCCD;
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Andor, iXon+). 3D-SIM images were acquired at 100x only, with 488nm laser illumina-
tion and a specialist N-SIM filter block for green emission. 3D images (z-stacks) were
acquired with a plane separation of 120nm. 3D volumes through the entire thickness
of the tissue, over the field-of-view (approximately 30 x 30 um?), were acquired in ap-
proximately 5 minutes.

For comparison with SIM images, TEM images of kidney biopsies were taken as
part of routine diagnosis processed by standard EM preparation and imaging meth-
ods [224]. TEM samples were imaged with a JEOL 1400 TEM equipped with a side-
mounted CCD (GATAN, 785 ES1000W) at magnifications between 1000 — 20000x.

Figures 7.2(a) and (b) show epi-fluorescence images of a normal tissue section at
20x and 100x magnification respectively. These show that the FITC-podocin staining
does localise along the capillary walls, and is therefore valid for this study. At 100x,
evidence of podocyte substructure is observed but contrast is very low. Figure 7.2(c)
shows the maximum intensity projection of a 3D-SIM z-stack of the same region as
in Fig. 7.2(b). The contrast enhancement and increased resolution makes the highly
detailed substructure immediately visible. Tightly packed, coiled structures are indica-
tive of interdigitating foot processes, and comparison of SIM and TEM images (Figs
7.2(d-g)) at the same magnification confirms this. The diameter of FPs as determined
from 3D-SIM images is 300 — 600 um compared to EM measurements of 250 — 400 um.
This difference may be due to differences in sample preparation and imaging; with
EM, the podocyte substructure is directly observed whereas with SIM, the podocyte
substructure is indirectly imaged with a fluorescent marker bound to the edge of the
FP.

Figures 7.3(a) and (b) show 20x and 100x magnification epi-fluorescence images of
a diseased tissue section diagnosed with minimal change disease. Comparison with
Figs 7.2(a) and (b) shows no obvious difference. Perhaps there is less granularity in
the substructure in the tangential (en face) view (T) for minimal change disease than
for normal tissue at 100x magnification, but this is very subjective. Figure 7.3(c) shows
a maximum intensity projection of a 3D-SIM z-stack of the the same region as in Fig.
7.3(b), revealing similar structures as in Fig. 7.2(c) but with some marked differences.

The coiled structures are more sparse, show less interlinking, and have more shallow
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FIGURE 7.2: Images of normal podocyte substructure. (a) 20x epi-
fluorescence image of glomerulus. (b) 100x epi-fluorescence image of
white box in (a). (c) Maximum intensity projection of 3D-SIM images of
same region as in (b). (d, f) Enlarged images of regions i and ii from (c)
respectively. (e, g) TEM images showing similar podocyte substructure
as (d, f) respectively. L: capillary lumen, P: podocyte, FP: foot process,
T: regions showing tangential (en face) views of podocyte substructure,
X: regions showing cross-sectional view of podocyte substructure. Scale
bar in (d-g): 1 pm. Figure adapted with permission from [209].
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FIGURE 7.3: Images of podocyte substructure in minimal change dis-
ease biopsy. (a) 20x epi-fluorescence image of glomerulus. (b) 100x epi-
fluorescence image of white box in (a). (c) Maximum intensity projec-
tion of 3D-SIM images of same region as in (b). The dashed white box
highlights long, relatively straight features observed in diseased biop-
sies only which are not observed by TEM. (d) z—depth coded volume
rendering of the same data as (c). L: capillary lumen, T: regions showing
tangential (en face) views of podocyte substructure, X: regions showing
cross-sectional view of podocyte substructure. Figure adapted with per-
mission from [209].
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FIGURE 7.4: Images of podocyte substructure in membranous
nephropathy biopsy. (a) 20x epi-fluorescence image of glomerulus. (b)
100x epi-fluorescence image of solid white box in (a). (c) Maximum in-
tensity projection of 3D-SIM images of same region as in (b). (d) Max-
imum intensity projection of 3D-SIM images of dashed white box in
(a). L: capillary lumen, T: regions showing tangential (en face) views
of podocyte substructure, X: regions showing cross-sectional view of
podocyte substructure.
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curvature. The extreme case of this is observed in the lower right corner of Fig. 7.3(c)
(see dashed box) where three almost parallel lines are observed. These are attributed
to almost complete effacement of the substructure as the outline of the tightly interdig-
itating structure effectively unravels. There is no direct analogue of this observation
in TEM images of effacement. This is because sections for TEM are sliced to a thick-
ness of approximately 100nm and the likelihood of an effaced foot process lying within
the plane of the section over any significant distance is effectively zero. The 3D nature
of the podocyte substructure is emphasised in Fig. 7.3(d) which shows a volume ren-
dering of the same data as Fig. 7.3(c) with a z—depth coded colourmap. The tissue
extends from approximately 1.5 um to 6.5 um depth which is consistent with the 5 um
section thickness indicating the tissue is well preserved. Even FPs which are observed
relatively en face have a z—depth variation of approximately 2 pm, highlighting the 3D
curvilinear nature of the podocyte substructure.

Figures 7.4(a) and (b) show 20x and 100x magnification epi-fluorescence images of a
diseased tissue section diagnosed with membranous nephropathy. Again, comparison
with normal tissue (Figs 7.2(a) and (b)) or minimal change disease (Figs 7.3(a) and
(b)) is very subjective. Figure 7.4(c) shows a maximum intensity projection of a 3D-
SIM z-stack of the same region as in Fig. 7.4(b) and Fig. 7.4(d) shows the maximum
intensity projection of a 3D-SIM z-stack of the dashed box in Fig. 7.4(a). SIM images
of membranous nephropathy specimens showed a more fractured substructure. The
density of substructural features was lower than for normal tissue but higher than for
minimal change disease indicating an moderate degree of effacement. Whereas the
interlinked outline of many FPs can be traced continuously in the images of normal
and minimal change disease samples, with tissue exhibiting membranous nephropathy
outlines of FPs tended to be isolated and fragmented.

For easier comparison, Fig. 7.5 displays 3D-SIM images of normal and diseased
tissue side-by-side. Figure 7.5(a) shows a full FOV maximum intensity projection of a
3D-SIM z-stack for healthy tissue and Fig. 7.5(b) shows a similar image for tissue diag-
nosed with minimal change disease. Again, the structural differences are quickly and
easily identified, with normal tissue showing tightly packed, interlocking structures

whereas minimal change disease exhibits structure which is less dense and with slower
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FIGURE 7.5: Comparison of SIM images of podocyte substructure in nor-

mal and diseased biopsies. All images shown are maximum intensity

projections of 3D-SIM z-stacks. (a,b) Full FoV images of normal and min-

imal change disease podocyte substructure respectively. (c-f) Enlarged

regions from various normal tissue sections. (g-j) Enlarged regions from

various minimal change disease tissue sections. (k-n) Enlarged regions
from various membranous nephropathy tissue sections.
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curvature. The extreme case of infinitely slow curvature (i.e a straight line) is also read-
ily observed in Fig. 7.5(b). Figures 7.5(c-f) show enlarged sections of SIM images of
normal podocyte substructure, Figs 7.5(g-j) show similar regions of podocyte substruc-
ture in minimal change disease, and Figs 7.5(k-n) show similar regions in membranous
nephropathy. These images further emphasise the morphological differences between
the three states of tissue: normal tissue exhibits densely packed FPs in a tightly inter-
locking structure; minimal change disease reveals a much sparser pattern, with similar
features observed, but enlarged, and also the presence of outlines with minimal cur-
vature; and membranous nephropathy shows FP structures of intermediate size and
sparsity, although the outlines are more discontinuous and the outlines of adjacent FPs

do not link up.

7.4 Discussion and conclusions

This chapter has demonstrated the potential use of SIM in clinical applications tradi-
tionally requiring EM imaging for diagnosis by applying 3D-SIM to the visualisation
of ultrastructural changes in nephrotic disease. Healthy podocyte substructure as visu-
alised by 3D-SIM and TEM is compared to confirm that SIM can indeed resolve impor-
tant diagnostic features and the changes in this substructure are investigated for two
diseased states; minimal change disease and membranous nephropathy.

3D-SIM images of normal glomerular tissue revealed a complex network of in-
terdigitated FPs as expected, minimal change disease samples showed enlarged and
sparse FPs as expected from EM analysis and in agreement with a high degree of ef-
facement, membranous nephropathy samples showed FPs of intermediate size and a
moderate level of effacement. These images agree well with current understanding
of the podocyte substructure and TEM images of these diseases, supporting the use
of SIM for diagnosis of nephrotic disease. The primary difference between SIM and
TEM images is that the measured widths of FPs are larger, 300 — 600 um by 3D-SIM
compared to 250 — 400 um by TEM. This difference may be due to shrinkage of tissue

when preparing samples for TEM or because of the exact location of the fluorescent
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podocin marker attached to the FP, and different widths may be measured using dif-
ferent proteins for visualisation. Gundersen et al [211] presented a statistical method to
determine the true width of FPs based on the measurement obtained from a thin tissue
section taken at an arbitrary angle relative to the FP; as 3D-SIM images can build up
a 3D model of the podocyte substructure and can be arbitrarily rotated, SIM may be
able to obtain more accurate measurements of FP width than EM, however, it would be
expected that the widths obtained by SIM should be smaller than for EM in this case.

A number of TEM images are required to support a diagnosis, and volumetric in-
formation must be mentally visualised by the pathologist from multiple images taken
from different planes of the tissue. The ability to optically section the tissue by 3D-SIM
enables volumetric data to be acquired trivially through the full thickness of the tissue
slice. Coupled with the FoV of the SIM microscope, which is approximately 50 times
larger than for TEM, a single 3D-SIM dataset of a 5 pum thick sample can contain the
equivalent of 2500 TEM images, and diagnosis can be performed almost at a glance
from this incredibly information-rich dataset. Furthermore, SIM images of minimal
change disease also revealed long, approximately parallel lines of FP outlines which
are attributed to fully effaced FPs although these are not observed with TEM due to the
thin tissue sections imaged by TEM suggesting 3D-SIM may also be highly useful in
basic science investigations into nephrotic disease and could enable highly functional
microanatomy studies.

Only standard immunofluorescence staining protocols were used to prepare tis-
sue sections for SIM imaging, all of which would be standard equipment in a surgi-
cal pathology lab. The protocols are relatively quick and simple, taking only a few
hours, and are already performed as standard in the preparation of kidney biopsies. In
contrast, standard TEM preparations require specially trained technicians and are in-
volved, taking 1 to 2 days. Time can also be saved in the image acquisition and analysis
stages with SIM. Z-stacks can be acquired rapidly and can be reconstructed in 3D with
minimal computational strain; a single z-stack through the entire thickness of the tissue
can be acquired within 5 minutes and visualised in 3D in real time. This greatly reduces

the cognitive strain on the pathologist from mentally visualising the 3D substructure
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from a large number of TEM images and can reduce diagnosis time. With TEM, di-
agnosis will routinely take between 1 day and 1 week, whereas with SIM, diagnosis
could be achieved potentially only a few hours after the biopsy is taken. This poten-
tially dramatic reduction in diagnosis time also has a social advantage, as the patient
would spend less time worrying about the results of their biopsy.

SIM is a relatively expensive technology but this can be partially attributed to its
relatively recent commercialisation and it is assumed that the cost of the microscope
itself will reduce over time. In contrast electron microscopes are equally expensive de-
spite being a well established technique. EM incurs additional high costs due to the
specialist training and consumables required to prepare samples for EM. SIM is com-
patible with standard immunofluorescence preparation protocols, requiring much less
training than EM and utilising consumables that are already standard use for patho-
logical analysis. The speed with which diagnosis by SIM can be achieved could greatly
reduce the number of labour-hours per diagnosis and with it, the cost per diagnosis.
Although diagnosis by SIM would require substantial investment to set up, it would
appear to be a much more economically sustainable technique for routine diagnosis of
nephrotic disease.

Though EM still provides far superior resolution, SR microscopy techniques are
closing the gap between these imaging modalities. This study has exploited a modest,
but essential, resolution enhancement beyond the diffraction limit which already pro-
vides substantial evidence for the benefits of optical pathology by SIM as detailed in
this Chapter. By making use of recent advances in NL-SIM (such as [102]), this tech-
nique could apply to an even wider range of ultrastructural studies.

Further investigation, involving larger patient numbers and examples of all
nephrotic diseases, is required to provide solid evidence to validate the use of SIM
for diagnosis of nephrotic disease. This may be complimented by development of
compact, low cost, and portable SIM which can be taken into pathology labs as was
demonstrated for Airy LSM in Chapter 6.2.

Future innovation could focus on automated diagnosis by machine vision image
analysis. This could potentially be implemented by analysis of Fourier content of im-

ages, as the FPs in diseased samples were larger than in healthy tissue. Successful
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implementation of automated analysis would reduce the workload on the pathologist,
and increase the diagnostic throughput.

A long-term direction would be to combine SIM with Airy LSM (Chapter 4), as has
been done with other LSM techniques [20, 59, 76, 78, ], and exploit this for high-

throughput diagnostic imaging.

Chapter summary
e SIM can be used to visualise diagnostically relevant podocyte ultrastructure.

e Standard immunofluorescence staining of podocin reveals FP outlines and corre-

lates well with features observed by EM.

e SIM images were used to differentiate between healthy, membranous nephropa-

thy, and minimal change disease tissues.

e SIM potentially offers large financial and time savings over EM for use in medical

diagnosis.
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Chapter 8

Integrated optical trapping and

microscopy

Parts of this chapter are adapted from the article "Development of a graded index microlens
based fiber optical trap and its characterization using principal component analysis” [225] pub-

lished in Biomedical Optics Express (2015).

8.1 Introduction

Previous chapters have discussed advances in imaging technologies and the imaging
studies they have enabled, the focus of this chapter shifts to address the issue of how to
make the microscope a more functional tool. Optical manipulation is a powerful tool
for biophotonics which allows microscopic events to be triggered at will. An optical
microscope with optical manipulation capability elevates the user from a simple ob-
server to the director of a microscopic scene where cells can be positioned at will. Such
microscopy platforms exist [161, 163, , 169, ] but require complex optical systems
and are difficult to reconfigure to perform additional imaging modalities. Optical fibre
trapping (OFT) provides a flexible and low cost optical manipulation solution but OFT
probes have a low manipulation length and produce generally weak traps so they have
been under-exploited in combination with advanced microscopy techniques.

An ideal tool to add functionality to a microscopy platform would be a strong OFT
probe with a long (> 50 um) manipulation length, which could be easily attached to

multiple microscopy platforms with minimal modification to either the OFT probe or
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the microscope. Such a system is presented in Chapter 8.2 and incorporated into a com-
mercial SR microscope. When considering the best microscopy platform to combine
with optical manipulation, the spatial and temporal resolution of the microscope must
be compared to the motion of particles held within the trap. Particles held within a
weak trap (0.1pN pm~'mW ) can oscillate within the trap by approximately +200nm
[226]. SR methods such as SIM or STORM compute super-resolved images from a
number of sequentially acquired images, thus if the trapped particle undergoes move-
ment which is significant relative to the resolution of the microscope during the acqui-
sition period for one super-resolved image, the image will contain artefacts or appear
blurred and will not achieve the desired resolution. For these reasons, the OFT probe
is combined with SIM. Although SIM only provides a modest resolution enhancement
(2 times), it is one of the fastest super-resolution techniques and provides one of the
best trade-offs between spatial and temporal resolution for combination with optical
trapping.

This Chapter describes the development of a compact OFT probe based on a GRIN
micro-objective lens, its characterisation, and its use in biomedical imaging experi-

ments.

8.2 Development and characterisation of an optical fibre trap

based on a graded index microlens

To produce an OFT probe with a high NA and long manipulation length, a hybrid
system consisting of an optical fibre combined with miniaturised macro-optics was de-
veloped. The limitation of short manipulation length with OFTs stems from geometric
considerations of the fibre size and the high angled rays required for tight focusing. By
utilising a GRIN micro-objective lens, a single, commercially available, miniaturised
optical component for focussing the light emitted by an optical fibre, an ultra-facile
OFT probe is achieved. The OFT probe has a long manipulation length which can be
easily integrated into inverted microscopy platforms that can enable advanced func-

tional biology experiments.
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8.2.1 Design of the optical fibre trapping system

The experimental set-up is shown in Figure 8.1. The OFT probe consists of a com-
mercially available GRIN micro-objective lens (Fig. 8.1(a), GRINtech, GT-MO-080-
018-810) mounted at the distal end of a single-mode (SM) optical fibre (Thorlabs,
780HP-CUSTOM, NA: 0.13, design wavelength: 780 — 960nm, SMA-SMA connectored)
and held in place, a distance of 200 um from the fibre facet, by a custom made SMA
adapter as shown in the insert of Fig. 8.1(c).

A laser beam (TuiOptics, TA 100, A: 785nm, maximum output power: 300mW) was
coupled into the SM fibre via lens, L (Thorlabs, F220SMA-780), as shown in Fig. 8.1(b).
Two mirrors provide sufficient degrees of freedom to optimise the coupling efficiency
into the SM fibre. A variable neutral density (ND) filter (Thorlabs, NDC-50C-2-B) al-
lowed continuous tuning of the laser power in the range 3 — 300mW. At the distal fibre
facet, the laser beam diverges and is collected and focussed by the GRIN lens. The
GRIN micro-objective has a cross section of 1.4mm diameter and a length of 7mm and
is composed of two GRIN lenses of Imm diameter, followed by a high-NA, Imm di-
ameter plano-convex lens. Figure 8.1(a) shows the ray optics propagation through the
GRIN lens, of rays from a point 200 um away from the lens. The refractive index of the
two GRIN lenses are tuned to minimise the spherical aberration induced by the plano-
convex lens. The GRIN micro-objective is capped with a 120 um thick BK7 coverslip
and the optical elements are fixed in place within a stainless steel sheath. The specified
NA of 0.8 is only achieved when the light entering the GRIN lens diverges with a light
cone corresponding to an NA 0.18. The SM fibre used in this system has an NA of 0.13
so the beam focussed through the GRIN lens has an NA of 0.58. This focus is formed
approximately 200 um from the distal facet of the GRIN microlens which enables op-
tical manipulation with a large manipulation length. The coupling efficiency through
the combined SM fibre and GRIN lens system was (37 & 1)%.

Theoretical values for the lateral and axial beam widths are 1.35 um and 4.67 um
respectively. This was determined experimentally by acquiring an image stack, with z-
plane spacing of 0.5 pm, around the beam focus of the trapping probe using a 0.8 NA,

60X objective lens (Nikon, CFI 60X) and imaging onto an electron multiplied charge
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FIGURE 8.1: Schematic of GRIN lens OFT system. (a) Schematic of the
GRIN microlens, dashed lines show ray optics propagation through the
microlens. (b) Schematic of laser coupling into the proximal fibre facet.
(c) Shows the fibre probe mounted on an inverted microscope with struc-
tured illumination capability. Insert shows detail of the probe head. (d)
Photograph of the probe head, outlining the fibre-GRIN lens area in or-
ange and the GRIN lens (green arrow). The probe is further mounted
on a z-axis micrometer positioning stage (black). (f) Photograph of the
probe fully mounted on the condenser mount of an inverted microscope.
VND: variable neutral density filter, M: mirror, L: Lens, SMF: single-
mode fibre, MO: microscope objective, FCx: filter cubes, TL: tube lens,
EMCCD: electron multiplied charge coupled device, SIM: structured il-
lumination microscopy illumination unit, SMA: SMA fibre connector.
Figures (a) and (c) adapted with permission from [225].

coupled device (EMCCD, Andor, iXon+). The optic axis of the beam was found to be
offset from the optic axis of the microscope by 10°. This was corrected for and inten-
sity profiles were taken through the focus along the major Cartesian directions. Full
width at half maximum (FWHM) values gave lateral beam widths along the z— and
y—axes of (1.3 £ 0.1) pm and (1.9 £ 0.1) um respectively and an axial beam width of
(6.4 £0.1) um. Since the publication of [225] this data has been revisited, the rotation
performed with a sub-pixel interpolation method, and beam widths fitted with a Gaus-
sian model. Intensity profiles taken through beam focus using this method are shown

in Fig. 8.2 and lateral beam widths were found to be 0.83 pm and 1.33 pm along the
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x- and y-axes respectively and an axial beam width of 6.17 um. A physical tilt of 10°
would be visible by eye but this is not observed, therefore the beam tilt is attributed to
a small misalignment between the SM fibre tip and the GRIN lens. The lateral width
of the beam along the z-axis is smaller than expected given the NA of the SM fibre
but reasonable for a lens with 0.8 NA which suggests the divergence angle of the SM
fibre is greater than specified. The asymmetry in the z — y plane is also attributed to

aberrations resulting from the misalignment of the SM fibre tip and the GRIN lens.

(@),

Intensity [a.u.]

FIGURE 8.2: Beam profiles for GRIN lens OFT. Normalised intensity pro-

files through the beam focus along the (a) z-, (b) y-, and (c) z-axes (solid

blue). Intensity profiles were fitted with a Gaussian model (dashed
black).

8.2.2 Integration with a commercial microscope

The GRIN lens fibre probe was mounted on an inverted microscope with structured
illumination capability (Nikon, N-SIM on Eclipse Ti base unit) as shown in Fig. 8.1(c)
using an adapter attached to the microscope mount traditionally reserved for a con-
denser lens when using brightfield illumination (see Fig. 8.1(e)). The probe could be
positioned using the zyz positioning screws for the condenser lens mount, additional
fine z-positioning was provided by a z-axis micrometer positioning stage (Thorlabs,
SM1Z) to match the trapping plane with the image plane of the microscope. The place-
ment of the probe effectively disables the brightfield capability of the microscope.
Epi-fluorescence illumination was provided from the top tier of microscope ports
and directed into the sample by appropriate choice of filters in filter cube 1 (Fig. 8.1(c))
and the microscope objective lens. Fluorescence was collected from the sample by the
objective lens and imaged by a tube lens onto an EMCCD (Andor, iXon+). Structured

illumination was delivered into the sample from the bottom tier of microscope ports
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and filters in filter cube 2 (Fig. 8.1(c)). The 2D or 3D periodic illumination is generated
by a diffraction grating in the SIM illumination unit and imaged into the sample by
the microscope objective. Whereas epi-fluorescence illumination can be used with any
microscope objective, the SIM mode is only compatible with a particular objective lens
(Nikon, CFI Apo TIRF 100X Qil). The only modification to the microscope required for
use with the trapping probe is the addition of a short-pass filter to protect the camera
from the high intensity of the trapping beam (Semrock, FF01-650/SP-25). This addi-
tional filter was mounted in whichever filter cube was not required by the imaging
modality of interest. The orientation of the filter is such that it lies in the plane trans-
verse to beam propagation, minimising aberrations in the imaging pathway. A fast
CCD camera (Basler, piA640-210gm) was mounted in a secondary microscope camera

port and was used for characterisation of the probe.

8.2.3 Characterisation of the optical fibre trap

While the probe may be readily attached to a number of different microscope platforms,
characterisation of the probe was still performed on the N-SIM platform despite its lack
of brightfield imaging modality. The reasoning for this was to include a full description
of the system, including mechanical noise (e.g. vibrations) resulting from the mounting
of the probe on the microscope, in the analysis. If another microscope was used for
calibration, the degree of mechanical noise could significantly alter the trap stiffness
and give misleading indications of the probe performance in conjunction with the N-
SIM platform.

The N-SIM platform is a specialist fluorescence microscope but fluorescent particles
should not be used for characterisation of optical traps as the absorption and emission
from the particle is an additional light-matter interaction which can affect the results
[227]. Additionally, the trap laser, in combination with a poor short-pass filter for direct
viewing of the beam, is a poor choice for observation of the trapped particle as the beam
is tightly focussed and so it is very difficult to find beads for trapping. Two illumina-
tion schemes were trialled as shown in Fig. 8.3. The first scheme used a laser (Elforlight
DL-10-6, 532nm), coupled into the sample through the optical fibre and GRIN lens, us-

ing a long-pass dichroic mirror (Thorlabs DMLP605R, 605nm cut-off) to merge with the
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FIGURE 8.3: Illumination scheme for optical fibre trap characterisation.

Example images of trapped 3 um diameter polystyrene bead illuminated

with (a) fibre delivered laser illumination, and (b) white light reflection.

(b) gives the most uniform background but has lower contrast between
the bead and background. Scale bars: 2 pm.

trap beam path. Although the fibre has SM-operation at 785nm, at 532nm it supports
multiple modes and the illumination is not uniform over the image (Fig. 8.3(a)). Ad-
ditionally, the illumination only covers a limited area near to the trap focus, making it
difficult to find beads in spare samples. The second scheme was a reflection imaging
scheme, using the Mercury lamp illumination source for epi-fluorescence imaging with
only a 50:50 beam splitting mirror in filter cube 1, to enable imaging of non-fluorescent
samples. This scheme gives much more uniform illumination (Fig. 8.3(b)) and covers
the entire FOV of the camera. The images acquired with this reflection imaging scheme
have low contrast between the signal and background (the image in Fig. 8.3(b) has been
scaled). This is attributed to a strong reflection from the GRIN lens which contributes
a large background signal to the image. The reflection imaging scheme was used for
characterisation of the optical fibre trap.

Images of trapped particles were acquired with a 60X objective lens (Nikon, CFI
60X) and the fast CCD camera. The region of interest (ROI) of the camera was cropped
to 60x60 pixels which adequately contained an image of a single trapped micro-
sphere and facilitated acquisition rates of up to 400Hz. Movies of 100s duration were
recorded for polystyrene microspheres of (3.00 & 0.02) um (Polysciences Inc., 64060)
and (4.17 £ 0.03) pum (Polysciences Inc., 64070) diameter in optically-flat glass-bottom
dishes (World Precision Instruments (WPI), FD3510-100) at 400Hz, with an integration
time per frame of 400us, for a range of trap beam powers. Temperature control was
implemented by isolating the microscope body from the rest of the laboratory inside a

large perspex box, in order to keep the microscope stage as a constant (25.6 & 0.2)°C
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throughout the experiment.

Trap stiffness for the probe was to be determined by the power spectral density
method detailed in Chapter 3.3 but additional image processing was required before
accurate particle tracking could be performed on the movies. This is a consequence of
the reflection imaging scheme utilised here to enable trap characterisation. The image
formed on the camera has a large background level resulting from the reflection of the
illumination from the output facet of the trapping probe, and the signal from micro-
spheres contains two components, one from the initial reflection of illumination by the
microspheres and the second from the transmission through the microspheres of illu-
mination reflected from the probe. The result is an image with very low contrast and a
movie with a lot of stochastic noise. Figure 8.4(a) shows a typical frame from a movie
of a trapped 3 um diameter trapped bead with 60mW trap beam power.

Traditionally, image processing, such as low- or high-pass filtering and threshold-
ing, must be laboriously fine-tuned to suit each particular experimental apparatus and
filter out specific noise which is unique to that system. Such a process is subjective
and can only be tested on a small subset of the movie frames, to manually determine
a processing method that works for all 10000+ frames acquired in an experiment is
intractable, and so a substandard filtering method, which will create some errors in
the tracking data, is used. Manual determination of optimal image filters and their
parameters for the low-contrast movies acquired resulted in spurious tracking with
many obvious errors. To aid in the processing of the movies, an adaptive filter based
on principal component analysis (PCA) was implemented to remove stochastic noise.
The adaptive nature of the filter circumvents the user, reducing the impact of subjective

decisions in the filtering process.

Adaptive image filter based on principal component analysis

The adaptive image filtering procedure is outlined in Fig. 8.4(b-d). The first few
principal components (PCs) of the original movie are determined in the spatial domain,
taking into account all the frames for a movie of a trapped bead with a certain trap
beam power. The spatial PCs describe major variations between individual frames of
a movie and are similar to the eigenfaces used for facial recognition [228]. The first

few PCs are associated with a degree of freedom of the particle. In the example in Fig.
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FIGURE 8.4: Representation of PCA based adaptive image filter applied
to a typical movie of a trapped bead (3 um diameter) with 60mW trap
beam power. (a) shows a single frame from the original movie. (b)
shows the same frame after being processed by the adaptive filter. The
bottom row shows the first six PCs for the movie. Only the first three
PCs contain information on the motion of the particle and are retained
by the filter, the 4! and higher PCs in this example contain only random
noise. (c) A spatial band-pass filter is then applied to the filtered frame
to remove dead pixels and other stationary noise features. (d) Finally,
a minimum-value threshold is applied to the image, this image is then
used to determine the bead position. Figure adapted with permission
from [225].

8.4, the first PC is akin to the mean image of the bead and gives the positional offset
of the bead, the next two PCs relate to motion in the x — y plane, yielding differential
images of the particles - and y-motion respectively. In Fig. 8.4, the higher order PCs
(4" and higher) contain no structure, relate only to random image fluctuations, and
do not give any relevant information on the motion of the particle. Reconstructing
the movie without these irrelevant PCs yields a movie which still contains all of the
particle motion, but with significantly reduced stochastic noise (see Fig. 8.4(b)). This
process is outlined mathematically in Appendix E. The filtered images are free of inter-
frame, stochastic noise while retaining the particle motion. The number of PCs used
to reconstruct each movie contained (95 £ 2)% of all the variations (defined as the the
sum of retained projection coefficients: Y ;™" ci; see Appendix E) and typically only
the first three PCs were retained (as in the example shown in Fig. 8.4). Occasionally
some structure was observed in higher order PCs which can be attributed to small

asymmetries of the trapped particle or motion that is not described accurately by a
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linear model. In these situations, more PCs were retained as required but in all special
cases, the first three PCs still described (91 + 1)% of all the variations.

The only user specified parameter of the PCA filtering method is the number of
PCs to retain, kpqq, although, as the example case shows, this is generally a simple
choice. The adaptive nature of the filter will adjust to systems with more complex
motion or different imaging conditions rather than requiring an entirely new set of
filtering criteria. The adaptive filter does not remove stationary objects from the im-
ages however, and an additional band-pass filter was required to remove these (Fig.
8.4(c)). After adaptive filtering, the choice of band-pass parameters becomes trivial.
The frames were then thresholded (Fig. 8.4(d)) to facilitate centre-of-mass (COM) track-
ing which was performed using a cross-correlation based sub-pixel image registration
method [229]. Typical cross-correlation algorithms compute the cross-correlation in the
centre of a zero padded Fourier space, and then perform an inverse Fourier transform
to determine the translation between the 2 images. If the image has dimensions M x N
and the accuracy is desired to within 1/« of a pixel, the size of the Fourier space must
be kM x kN and the inverse fast Fourier transform becomes very computationally in-
tensive, taking both a long time and requiring a large amount of memory. Briefly, the
method developed by Guizar-Sicairos et al [229] uses an inverse fast Fourier transform
as described above with x = 1 as a starting point before using a discrete Fourier trans-
form centred around the initial guess to improve the accuracy in a fast and memory
efficient way. The discrete Fourier transform step can be run iteratively until the de-
sired accuracy is achieved, however, noise will place a limit on the maximum accuracy.

To validate the use of the adaptive filter in the context of particle tracking, tracking
was performed on fixed particles of known position. Particles were immobilised on
a glass coverslip and were moved along known trajectories using a nanopositioning
stage (Physik Instrumente (PI), P-733.3DD) and were imaged under conditions as close
as possible to that of the trapped particle imaging. The standard deviation of the dif-
ference between the tracked particle position and the actual position of the particle was

12nm, verifying the use of the adaptive filter for particle tracking.

Trap stiffness determination by power spectral density

The traces of the particle were Fourier transformed then norm squared and divided
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by the total acquisition time (100s) to yield the power spectra. The theoretical power
spectrum (equation (3.15)) was modified to account for motion blur and aliasing due
to the low bandwidth of the camera as:
& kT : 2

)= 1 gy sine (V1) &
where W is the integration time of the camera and f,, = f + % fsample, fsample = 400Hz
is the camera framerate or sampling frequency [156, 158, 226]. Faxen’s correction was
included in v as described in equation (3.13) where the bead height is z = r 4 s. Trap-
ping occurred in very close proximity to the bottom of the sample chamber and s was
estimated to be (0.25 &+ 0.2) um. The large uncertainty in s originated from the low
contrast of the images used for trap calibration. Windowing (averaging) of the data,
as is typical for power spectrum analysis [156], is problematic at low frequencies and
so cannot be used with optical traps with a low corner frequency as is expected in the
case of an OFT. Instead, an exponential distribution of the data is assumed and a maxi-
mum likelihood estimation is used to determine the corner frequency, f., from the raw,
non-averaged experimentally measured power spectrum, Sp,cqs(f). This is expressed

as:

max (ﬂ [S(fl, 7 o (W)D 52

i=1
where the product is over N exponentially distributed data points from S(f) [226].
The trap stiffness, including the dependence of the trapping beam power, was
determined to be ki qp[z3.m = (0.63 & 0.01)pN um~'mW™! and Etrapi[y,3 wm]
(0.522 £ 0.006)pN pm~'mW™" for the z- and y-axes respectively for 3.00 um diam-
eter polystyrene microspheres, and kyyqp;[z.4 um] = (0.39 4 0.01)pN um'mW! and
Etrapify,4 um) = (0.35+0.01)pN um~'mW ™! for the z- and y-axes respectively for 4.17 um

diameter polystyrene microspheres. Figure 8.5 shows plots of the trap stiffness or force

constant, ky,qp, along the z-axis only.
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FIGURE 8.5: Plot of trap stiffness versus optical power along the z-
axis for the GRIN lens based OFT. Figure adapted with permission from

[225].

8.3 Application of optical fibre trap for imaging of dynamic bi-

ological processes

As mentioned in Chapter 3.5, single beam OFTs have been significantly under-used for
biological applications and often do not go beyond proof-of-principle optical manip-
ulation demonstrations. The OFT probe described in Chapter 8.2 was developed for
precisely this purpose and is immediately applicable to a number of biological stud-
ies. To demonstrate this, the GRIN lens trapping probe was exploited in two biological
studies; optically mediating the formation of an immunological synapse and observing
subsequent calcium signalling activity using epi-fluorescence imaging, and, as a proof-
of-concept experiment, imaging the cilia of C3H10T-1/2 cells in SR by SIM while being
held optically.

8.3.1 Induction of an immunological synapse

The cell-cell interactions of cells in the immune system is a dynamic and complex pro-
cess, featuring remodelling on all length scales from whole cell, to molecular distribu-
tions and as such, is an ideal target system for advanced microscopy methods. Tradi-
tional methods to observe IS formation are hindered by lack of spatio-temporal control
of the sample, IS formation cannot be triggered at will and a sample of many such

events must be observed from which the temporal evolution of the process is inferred
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(see, for example, [230]). Studies which have attempted to increase the frequency of ob-
served IS interactions, and therefore the likelihood of observing the full temporal evo-
lution of such events, have included "carpet-bombing" of T-cells with antibody coated
microspheres which mimic other immune cells [231] and plating T-cells directly onto
antibody coated substrates such that all T-cells are sampled [232-234].

In a 2D cell culture, IS connections are formed in the  — z plane rather than the lat-
eral (x —y) plane and imaging of the synapse suffers due to the reduced axial resolution
of most microscopes. The approach of exploiting a substrate to form the synapse aligns
the IS in the lateral plane to exploit the higher lateral resolution of the microscope and
also enabled super-resolution imaging of the IS by SIM [234] but does not sufficiently
recapitulate the 3D in vivo nature of IS formation.

Optical manipulation offers excellent spatio-temporal control and can be used to
trigger a specific interaction event, allowing the full temporal evolution of a single IS in
toto [142, 143]. Additionally, optical tweezers allow further manipulation of the sample
in three dimensions and can be used to orient the IS within the lateral image plane
by lifting one cell on top of the other [142]. Integration of optical manipulation into
an advanced microscope platform could enable combination of these techniques and
facilitate super-resolution imaging of the IS in a biologically relevant environment. The
OFT probe presented in Chapter 8.2 is an important step towards this goal despite only

being able of 2D trapping.

The immunological synapse

An immunological synapse (IS) is the interaction between a T-cell and an antigen
presenting cell (APC) and is responsible for regulation of the immune system. APCs
capture antigenic peptides from their surrounding environment and process these into
a format which can be read by the T-cell. The T-cell probes the APC surface membrane
for peptides and interrogates them. If a peptide is determined to be pathogenic the T-
cell can become cytotoxic to kill the now pathogenic APC directly or release cytokines,
molecules which attract specialised pathogen-killing cells [235].

More specifically, an IS is the highly stable, highly ordered interface between the T-
cell and APC. Activation of the IS occurs when the T-cell receptor (TCR) recognises an

antigenic peptide presented on a major histocompatibility complex (MHC) of the APC
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FIGURE 8.6: Overview of the structure of a mature IS and morpholog-
ical changes during formation. (a) Schematic view of IS cross-section
showing a selection of key signalling molecules involved in T-cell recog-
nition. Shown are the stimulatory antigenic peptide-MHC molecule
(red), co-stimulatory molecules (blue), inhibitory molecules (yellow),
and non-contributing molecules (grey). The arrows indicate signal con-
vergence leading to T-cell activation from the TCR-peptide-MHC and
CD28/CD80 channels. (b) Change in T-cell morphology from before
(top) and after (bottom) initial IS formation. The MTOC (purple) moves
into close proximity of the IS, the contact area between the T-cell and
APC increases. Membrane proteins and cell-surface molecules reorgan-
ise, TCR (yellow) and stimulatory (red) molecules are recruited to the
IS while non-stimulatory (grey) are excluded. (c) Time series of con-
focal microscopy sequence showing cytoskeletal remodelling during IS
formation between Jurkat cells overexpressing paxillin-GFP (green) and
SEE-pulsed Raji APCs labelled with CMCTR cell tracker (red). Arrows
show the location of the MTOC. Figures (a,b) used with permission from
[235], (c) used with permission from [230].



Chapter 8. Integrated optical trapping and microscopy 181

[235]. It has been shown that activation rarely occurs solely through TCR-peptide-
MHC coupling alone, due to the sparse nature of peptide-MHC complexes across the
surface area of the APC and the sampling of the APC surface membrane by the T-cell,
and generally requires the presence of co-stimulatory molecules which provide ampli-
fication of the TCR signal and provide sustained signalling [231]. Figure 8.6(a) shows a
schematic picture of the key molecules involved in IS formation. Upon initial formation
of an IS, the T-cell stops migrating and undergoes a rapid and drastic remodelling pro-
cedure to secure its connection to the APC [235]. Intracellular calcium signalling occurs
almost instantly and increases rapidly, remaining stable for up to 24 hours depending
of the T-cell type [235]. Global polarisation of the T-cell also occurs, with the micro-
tubule organising centre (MTOC) relocating to be in close proximity of the IS through
microtubule reorganisation (Fig. 8.6(c)), which also brings the golgi close to the APC
for secretion of toxic lytic granules into the APC or cytokines into the surrounding en-
vironment [230]. Polarisation of the T-cell occurs over several to tens of minutes [235].
Figure 8.6(d) shows selected images from a timelapse confocal video microscopy se-

quence of remodelling of the T-cell cytoskeleton (green) during IS formation [230].

Optically mediated immunological synapse formation

Selective formation of an immunological synapse was triggered in B3Z cells, a
murine hybridoma cell line, by contact with a polystyrene bead conjugated to mouse
antibodies; anti-CD3, which bypasses the B3Z T-cell receptor (TCR) mechanism and di-
rectly activates the T-cell [138, ], and anti-CD28, a co-factor which sustains synapse
activity [231, 236]. Synaptic activity was detected by monitoring calcium signalling
within the T-cell. B3Z cells and antibody coated beads were prepared as described in
Appendix E5.

The pre-loaded B3Z cells were then plated out into an optical-flat glass-bottom dish
(WPI, FD3510-100) and 10uL of the antibody coated bead solution added. Over time,
both the cells and beads adhered to the bottom surface of the dish and could not be
trapped; beads adhered much more readily than cells and so the OFT probe was used
to pick up cells and hold them in contact with adherent and immobilised beads. A sin-

gle cell was positioned in contact with a single antibody coated bead and held during
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FIGURE 8.7: Calcium imaging of optically mediated immunological
synapse formation. Selected movie frame (a-c) show a trapped T-cell
(Signal) positioned to trigger IS formation with an antibody coated bead.
Frames show the trapped cell (a) before, (b) shortly after, and (c) much
after initial contact with the bead. Scale bar in (c) is 10 um. Another
cell in the field-of-view (Control) is used to correct for photobleaching.
(d) Graph showing the increase in fluorescence from the trapped cell,
thereby indicating IS formation. Control was fitted with an exponential
curve (Exp. Fit) to confirm its decrease can be attributed to photobleach-
ing. Figure adapted with permission from [225].

each experiment. Epi-fluorescence imaging was performed with a fluorescein isothio-
cyanate (FITC, green) filter set (Nikon, 49002 ET-GFP) and a 60X objective lens (Nikon,
CFI 60X). Images were acquired of a single plane aligned with both the trap focus and
the B3Z cells with 50ms intervals. Figures 8.7(a-c) show selected frames from a movie
of IS formation. A T-cell to the right of the FOV is trapped and moved towards an
antibody coated bead immobilised on the surface of the dish (Fig. 8.7(a), bead cannot
be observed in this frame). Shortly after contact with the bead, the fluorescence within
the trapped cell increases (Fig. 8.7(b)), and after prolonged contact the signal continues
to increase (Fig. 8.7(c)). In Fig. 8.7(c) the fluorescence is so strong that the shadow of
the bead is observed and the GRIN lens is partially illuminated, manifesting as a halo
around the cell. Another cell, to the left of the FOV, fluoresces strongly throughout
the movie which is attributed to formation of an IS with a bead which settled in close
proximity to the cell several minutes before the movie was recorded. The signal from

this cell was used to correct for photobleaching decay in the signal from the trapped
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cell. Figure 8.7(d) shows plots of the fluorescent signal from the trapped cell (Signal)

and the control cell (Control).

8.3.2 Controlling the orientation of cilia in mesenchymal stem cells

The methods by which cells signal and communicate with each other and their sur-
roundings is an important area of study [237]. Cell signalling by mechanotransduction,
signalling through force interactions, is a mechanism that is poorly understood, and yet
recent studies have shown this to be a crucial process [235, ]. In order to accurately
measure this phenomena, minute forces must be precisely applied whilst intracellular
signalling activity is monitored. Optical manipulation can be used to apply such pre-
cise, localised forces and SIM can provide accurate information on the morphology of
cells in response to such forces with sufficient temporal resolution.

Signalling activity and differentiation in the mesenchymal stem cell (MSC) cell line,
C3H10T-1/2, is believed to be triggered by mechanical stimulation of cilia [240]. The
GRIN OFT probe was used to optically trap a cilium, changing its orientation relative
to the cell body, and 3D-SIM was used to, very accurately, track the orientation of the
cilium.

SIM excels at observing high frequency spatial information but is prone to produc-
ing artefacts in reconstructions of diffuse images with no high frequency structures.
Signalling activity would be preferentially monitored by epi-fluorescence imaging, as
this signal is diffuse throughout the cell, but it is not possible to acquire images in
both SIM and epi-fluorescence modalities with the commercial microscope used for
this study. As such, cell signalling activity was not measured, but would be crucial in
developing this study further.

C3H10T-1/2 cells, provided my Mohammed Arastoo, were transfected to express
Smo-yellow fluorescent protein (Smo-YFP) in cilia by Mohammed Arastoo, plated up
in a glass bottom dish (WPI, FD3510-100) and allowed to adhere to the bottom surface
prior to the experiment.

3D-SIM z-stacks of Smo-YFP C3H10T-1/2 cells (Fig. 8.8(a)) were acquired every 2.5
minutes (figs 8.8(b-e)) using 488nm laser illumination and green filter sets. For the first

2 volumes, the cilium is unbounded and the optical trap was turned on just before t = 5
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FIGURE 8.8: SIM imaging of optically manipulated cilium. (a) Maxi-
mum intensity projection of 3D-SIM z-stack of C3H10T-1/2 cell show-
ing cilium. (b-e) Time series of enlarged region around the cilium at
2.5 minute intervals. (f-i) xz maximum intensity projections of the same
time points in (b-e) respectively. The cilium is unbound at t = 0 and the
optical trap is turned on just before ¢ = 5 min. The angle of the cilium
relative to the z—axis in the zz—plane was measured (as shown in (f)) for
each time point. The look-up-tables in each image have been adjusted
such that each image has a similar intensity range. Scale bar in (b): 1 um,
applies to images (b-i).
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minutes. The optical trap is focused immediately right of the cilium, which connects
to the cell body at its left side. The orientation of the cilium, relative to the z—axis
was determined from z — z maximum intensity projections (Figs 8.8(f-i)). Before the
trap was turned on, the angle of the cilium was 37.8° and 41.4° att = 0 and ¢t = 2.5
minutes respectively. After the trap was turned on the angle was 55.2° and 54.6° at
t = 5 minutes and ¢ = 7.5 minutes respectively. The increase in angle after the trap
is turned on indicates the cilium is influenced by the optical trap and drawn towards
it. The distribution of angles after the trap is turned on is lower than before, which
is further evidence that the trap constrains the cilium and can be used to accurately

manipulate this small subcellular component.

8.4 Discussion and conclusions

This chapter has demonstrated the development of an OFT probe based on a GRIN
micro-objective lens which can be readily incorporated into commercial microscopy
platforms. The probe is characterised through measurement of the trapping beam fo-
cal spot size and determination of the trap stiffness, k4, by the power spectral density
method for 2 sizes of polystyrene bead. To aid with particle tracking for trap stiffness
determination, an adaptive image filter based of PCA was implemented for removal
of stochastic noise. The OFT probe is incorporated onto a commercial inverted mi-
croscope with epi-fluorescence and SIM imaging capability. Use of the OFT probe in
conjunction with both these techniques is demonstrated through the controlled induc-
tion of an IS between a B3Z cell and an antibody coated polystyrene bead and by the
optomechanical control of cilia in C3H10T-1/2 cells.

The GRIN lens based single-beam OFT is a remarkably simple modification which
avoids the drawbacks traditionally associated with OFT probes, such as short manipu-
lation length and low NA, through combination with a miniaturised objective lens. The
measured trap beam profile gives results that are in agreement with theoretical predic-
tions for the micro-objective lens but indicate some aberrations due to misalignment of
the fibre with the GRIN lens. This issue can be avoided by careful refinement of the

SMA adapter which holds the GRIN lens in place at the fibre tip. Alignment problems
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may also be solved by more complex launch mechanisms to couple light into the GRIN
lens, such as an adjustable SMA mount, use of a SM fibre bundle to allow selection of
the best fibre position, or complex beam shaping through a MM fibre [159] and may
even enable 3D trapping (tweezing). Such techniques may also allow generation of
multiple simultaneous traps and trapping with non-Gaussian light modes.

Characterisation of the OFT probe yielded power dependent trap stiffness values
between 0.35 — 0.63pN pm'mW ™! with 3.00 um and 4.17 pm diameter polystyrene
beads. Trap stiffness values reported in the literature for other OFT approaches
with similar sized beads are varied, 0.035pN pm~'mW ™! (7 um diameter polystyrene
beads) [178], 0.053pN um ' mW™! (2um diameter polystyrene beads) [179], and
0.22pN um ' mW! (2 pum diameter polystyrene beads) [151] are some examples. The
GRIN lens OFT presented in Chapter 8.2 is at the upper end of this range, improv-
ing on some designs by over an order of magnitude. Direct comparison with GRIN-
MM-OFTs [180, , ] could not be performed as these were characterised using
the hydrodynamic-drag method which breaks the linearity of the trap and ky;qp is no
longer a valid figure of merit for these probes.

The adaptive filter based on PCA is a power tool which can be applied to trap stiff-
ness determination and, more generally, particle tracking. The adaptive nature of the
filter will adapt to changes in experimental conditions such as noise level, particle size
and shape, and the particle motion. The filter greatly reduces stochastic noise but has
difficulty in removing static features, a more detailed analysis of the filter performance
over a wide range of imaging conditions is required to determine under what condi-
tions such a filter is most beneficial. Although the filter is based on PCA, not all the
standard steps for PCA are followed. Typically, the data is mean-centred before deter-
mination of the covariance matrix (C;;, equation (E.1)) [241]. This results in the first
PC being closely related to the mean (i.e. how the movie differs from a sequence of
empty frames) and so multiple PCs and their corresponding eigenvalues are required
to reconstruct the image before particle tracking can be performed. Reconstruction of
the image reintroduces static noise contained in the mean image (first PC) whereas the
relative positional information (the second and third PCs in the case of the example

given in Fig. 8.4) are smooth images containing virtually no stochastic or static noise.
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The second and third PCs contain all the information relevant to particle position and
it may be possible to extract the position directly from the eigenvalues of these PCs
rather than simply use this technique to filter the image. This would represent a great
compression of data as each video frame would be reduced to two variables, relating
to the z- and y-coordinates of the particle. This method could enable characterisation
of multiple optical traps simultaneously as the independent motions of different parti-
cles would appear as different PCs of the same covariance matrix whereas traditional
centre-of-mass techniques must be performed on images of isolated particles to ensure
accuracy. Additionally, coupled motion resulting from inter-particle forces between
particles in adjacent traps may manifest as higher order PCs which could be isolated
from independent motions for more detailed studies.

Formation of an IS between a B3Z T-cell hybridoma and an antibody coated bead
was demonstrated using the GRIN lens OFT probe and monitored by epi-fluorescence
microscopy. This is, to the author’s knowledge, the first demonstration of a single-
beam OFT being combined with an advanced microscopy platform, and the first
demonstration of a functional biological experiment performed with a single-beam
OFT. Calcium imaging was performed to monitor the signalling of the T-cell and in-
fer synapse activity although T-cell shape in Fig. 8.7(a-c) remains fairly constant and
spherical which indicates no remodelling of the T-cell which would normally be ex-
pected. This was backed up by further experiments in which optical induction of ISs as
described in Chapter 8.3.1 was repeated with either labelled plasma membranes (and
therefore subsequently, intra-cellular vesicles), stained using a wheat germ agglutinin
conjugate of Alexa Fluor 555 (Life Technologies, W32464), or microtubes, stained using
Tubulin Tracker Green (Life Technologies, Oregon Green 488 taxol, bis-acetate, T35075),
which both also failed to show intracellular remodelling of the T-cell. This may be due
to the model system used for this experiment. B3Z cells are a hybridoma cell line which
often exhibit non-physiological behaviour [235] which may explain why calcium sig-
nalling is observed without remodelling. To improve the physiological accuracy of
future experiments, primary T-cells obtained from peripheral blood samples could be

used [235, ].
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SIM imaging of optically trapped subcellular organelles was demonstrated by ob-
serving the optomechanical control of cilia in C3H10T-1/2 cells by the GRIN lens OFT
probe. This study is a proof-of-concept demonstration, showing the potential use of
OFT probes in combination with SR microscopy and is a first step towards all opti-
cal stimulation and monitoring of mechanotransduction in MSCs. This experiment is
hampered by several factors. The desired signal readout will be calcium monitoring
which is ill-suited for SIM. As epi-fluorescence and SIM modalities cannot be com-
bined within the same experimental sequence with the apparatus used in this study,
validation and quantification of the movement of cilia by the optical trap will have
to be performed by SIM before acquiring epi-fluorescence images of calcium levels
while "blindly" manipulating the cilium. This sequential study would necessitate the
experiment to be repeated many times to develop robust statistics. Additionally, the
imaging suffers from low SNR and rapid photobleaching, which limits repetition of
the experiment of the same cell, as observed by the increasing noise as the time series
progresses (Figs 8.8(b-i) and the presence of reconstruction artefacts at later time points.
This originates from the use of YFP for labelling cilia, as it has a relatively low excita-
tion cross-section for the excitation lasers available to the SIM and its emission does
not match well with the SIM emission filters either. These issues make experimental
repeatability a challenge, and it is still to be confirmed if the trap does influence the
cilia. This observed behaviour could be due to natural motion. Thermal effects may
also play a role, although it could be expected that heating caused by laser irradia-
tion would increase thermal motion and therefore increase the variance in cilium angle
whereas the opposite is observed, which is indicative of optical trapping. Identifying
a more suitable fluorescent tag for cilia is vital for continuation of this study, enabling
long term monitoring of cilium position and increasing the accuracy and quantity of
measurements.

The lack of multiple simultaneous traps also limits the biological studies that can
be performed. Even the addition of a second trap would enable cell stretching experi-
ments. To realise this, a system that combines miniatured optics with more traditional

beam steering methods should be utilised. A dual-trap system, based on the design by
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Microscope
Body

PBS

FIGURE 8.9: Schematic of aspheric lens based dual-optical trap system.

A/2: Half-waveplate; PBS: Polarising beam splitter; BS: Beam stop; M:

Mirror; Lx: Lens; SMx: Steering mirror; AL: Aspheric lens; MO: Micro-
scope objective; FCx: Filter cube; TL: Tube lens.

Fallman and Axner [162], was designed with a compact aspheric lens (AMS technolo-
gies, 355330B-00-MT) measuring 6.33mm in diameter, with an effective focal length of
3.1mm, and NA of 0.77. The system, currently under construction, is shown in Fig. 8.9.

A collimated laser beam (IPG Lasers YLR-10-1064-LP-SE, 1070nm, 10W) is passed
through a half-waveplate and polarising beam splitter (PBS) allowing control over the
beam power. The beam is then split by another PBS with the split ratio determined by
the input polarisation which is controlled by a second half-waveplate. Each beam is
reflected from a steering mirror (SMx) before being recombined and the beams are di-
rected into the sample through an aspheric lens. Each steering mirror is conjugate to the
back focal plane of the aspheric lens, enabling precise movement of each trap within the
sample. Additionally, a 1:1 telescope (L1 and L2) in one beam path allows axial trans-

lation of one trap by adjusting the axial position of L1. This trap design provides two
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optical traps which can be independently positioned in the lateral microscope plane
and can be arbitrarily positioned relative to each other in 3D. Motorised control of SM1,

SM2, or both would enable use of the system for quantitative cell stretching studies.

Chapter summary

e An OFT probe based on a GRIN micro-objective lens has been presented and

characterised.

e The OFT probe enables 2D trapping with a long manipulation length (200 pm)

and has a trap stiffness measured between 0.35 — 0.63pN pm~'mW .

e A PCA image filter was used to extract particle motion from low contrast images

of trapped microspheres.

e The OFT probe was integrated into a commercial SIM microscope and used to
perform fluorescence and SIM studies observing IS formation and manipulation

of cilia.
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Chapter 9

Conclusions and future work

9.1 Summary

This Thesis has demonstrated several cases where optical beam shaping and optical
manipulation can be applied to enhance biomedical microscopy techniques. The key

novel aspects that have been addressed in this Thesis are:

e Theoretical, analytic, and experimental description of Airy beams for light-sheet

illumination to yield high axial resolution over an large field-of-view (Chapter 4).

e Analysis of the effect of light-sheet beam type on image quality within highly

turbid tissues (Chapter 5).

e Demonstration of Airy light-sheet generation with controlled aberrations from
simple optical elements to realise an ultra low-cost Airy light-sheet microscope

(Chapter 6.2).

e Theoretical and analytical description of attenuation-compensated Airy beams
for use in light-sheet microscopy to increase illumination uniformity across the
field-of-view, increase imaging depth, and recover high axial resolution (Chapter

6.3).

e Use of structured illumination microscopy for the visualisation of sub-cellular

features relevant for the diagnosis of nephrotic disease (Chapter 7).

e Development and characterisation of a GRIN lens based fibre optical trap and

application to biomedical studies (Chapter 8).

191
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This Thesis began with the question: What are the roles of optical techniques in
modern microscopy? Optical techniques offer relatively high spatiotemporal resolu-
tion, can be applied in vivo, and can be minimally toxic, making it the technique of
choice for the imaging of living specimens. Beam shaping has been shown to extend
the possibilities of optical microscopy and can be used to tailor a microscopy technique
for a given task. Chapter 2 discussed a range of optical techniques for volumetric imag-
ing of large specimens and for super-resolution imaging, weighing the advantages, dis-
advantages, and limitations of each technique before selecting one optimal technique
for each task. Light-sheet microscopy was selected as the technique for further inves-
tigation for large volumetric imaging due to its high contrast, rapid acquisition speed,
and low phototoxicity, and structured illumination was selected as the most suitable
super-resolution method for live imaging due to its high temporal resolution. Chapter
3 introduced optical manipulation as a sterile and accurate method for controlling bio-
logical forces at the cellular level. Optical manipulation is identified as a technique that
can add functionality in microscopy as the user can interact with, rather than simply
observe, the sample.

Chapter 4 focused on a detailed theoretical, analytical, and experimental descrip-
tion of the use of Airy beams for light-sheet illumination. Beam shaping has been
used previously to enhance light-sheet microscopy and the Airy light-sheet microscopy
technique is compared against other state-of-the-art implementations. The Airy light-
sheet gives a much more favourable trade-off between axial resolution and observable
tield-of-view than Gaussian and Bessel beam based light-sheet microscopy. Although
advanced Bessel beam light-sheet techniques can recover comparably high axial reso-
lution over an equally large field-of-view, this is achieved with low collection efficien-
cies and increased irradiation of sample which may cause additional photodamage.
In contrast, the Airy light-sheet microscope achieves high collection efficiencies and
maintains low sample irradiance. Experimental demonstration of the Airy light-sheet
microscope achieves axial resolution of approximately 1 — 1.5 um over a half-field-of-
view of over 150 um, over 15 times greater than a Gaussian light-sheet microscope of
equivalent axial resolution. A study of photobleaching rates with different light-sheet

types confirms the low phototoxicity of the Airy light-sheet microscope.
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The Airy light-sheet microscope is further characterised in Chapter 5 which focused
on quantifying image quality at depth within turbid tissue and making comparison be-
tween images acquired using Gaussian and Airy light-sheet microscopy. Brain tissue
sections from mice were imaged prior to, and after, clearing with a TDE solution. A
novel image quality metric was developed based on Fourier analysis of images ac-
quired at different depths within the tissue and showed that Airy illumination yielded

a depth-dependent enhancement with a gradient of 0.04 pm ™!

, increasing with greater
depth into the tissue. This enhancement was shown to be dependent on the aberrations
of the sample, yielding a stronger enhancement with stronger aberrations. The max-
imum imaging depth with Airy light-sheet microscopy was also shown to be greater
than with Gaussian light-sheet microscopy by approximately 50%.

Chapter 6 investigated advanced beam shaping strategies to compliment the Airy
light-sheet microscopy method. Control of optical aberrations from tilting a cylindri-
cal lens was demonstrated to realise a compact, low-cost, and portable Airy light-sheet
microscope with similar performance as the system developed in Chapter 4. This low
cost system achieves an axial resolution of approximately 1.9 um over a field-of-view
of 120 um, at least 6 times greater than the equivalent Gaussian light-sheet microscope.
Use of attenuation-compensating Airy beams is also investigated through theory and
simulations. It is shown that attenuation-compensated Airy light-sheets could pene-
trate approximately 100 um deeper into absorbing tissue whilst retaining the perfor-
mance of their non-compensated counterparts in free-space. Initial studies show that
attenuation-compensated Airy light-sheets may be particularly useful for multi-photon
excitation light-sheet microscopy in absorbing tissue, and for selective imaging of spe-
cific regions-of-interest in photosensitive samples.

The focus shifted from volumetric imaging techniques to super-resolution imag-
ing in Chapter 7, which investigated the use of structured illumination microscopy for
the visualisation of sub-cellular structures relevant to the diagnosis of nephrotic dis-
ease. The ultrastructure of podocyte foot processes from healthy patients was imaged
by structured illumination microscopy and features correlated with current diagnos-

tic electron microscopy images. Comparison of healthy and diseased (minimal change
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disease and membranous nephropathy) tissues revealed ultrastructural changes con-
sistent with the current understanding of these diseases and supported the use of struc-
tured illumination for the diagnosis of nephrotic disease. Structured illumination mi-
croscopy is a relatively fast and low cost technique compared to electron microscopy
and the associated potential time and financial savings are discussed.

Chapter 8 explored how integration of optical manipulation can be beneficial, and
add depth to studies, in advanced biomedical microscopy. The first part of this Chap-
ter focused on the development of a compact and flexible optical fibre trap based on
a GRIN micro-objective lens and its characterisation. The optical fibre trap is charac-
terised by the power spectral density method, using an image filter based on principal
component analysis to increase the signal-to-noise ratio. Power dependent trap stiff-
ness values were measured between 0.35—0.63pN pm~'mW?, consistent with the up-
per end of values reported for optical fibre traps in the literature. The optical fibre trap
was then integrated into a commercial structured illumination microscope and use of
the probe in biomedical studies was demonstrated by proof-of-concept studies; induc-
ing immunosynaptic connections between B3Z cells and antibody coated polystyrene

microspheres and optomechanical control of cilia in C3H10T-1/2 cells.

9.2 Future work

The work detailed in this Thesis demonstrates steps towards the realisation of powerful
optical microscopy techniques adopted in the biomedical sciences. A number of inter-
esting directions exist for further study. Short term goals, as have been discussed in

each Chapter, are summarised below and longer term future directions are discussed.

Chapter 4: Light-sheet microscopy using an Airy beam

¢ Investigation of other optimal pupil functions, including non-integer asymmetric

polynomial phase functions, for light-sheet microscopy.

e Incorporation of extended depth-of-focus techniques in the detection pathway
to enable ultra-wide field-of-view or ultra-high resolution Airy light-sheet mi-

Croscopy.
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Chapter 5: Application of Airy light-sheet microscopy to imaging in turbid tissue
e Repeat studies using oil immersion optics.

e Investigate the complex non-linear behaviour of the enhancement factor over

large depth ranges.

Chapter 6: Advanced beam shaping strategies for Airy light-sheet microscopy

e Experimental investigation of attenuation-compensated Airy light-sheets in ab-

sorbing media.

Chapter 7: Structured illumination microscopy for diagnosis of nephrotic disease
e Repeat study using a larger number of patients and disease types.

e Development of a compact, low cost, and portable structured illumination mi-
croscope to increase accessibility of the technique by pathologists and other end-

users.

Chapter 8: Integrated optical trapping and microscopy

e Further development and characterisation of an aspheric lens based optical

trap /tweezers system for integration into advanced microscopy platforms.

In the longer-term, there are many directions future work may take.

Investigations into light-sheet microscopy may continue to refine the Airy light-
sheet concept, integrating additional advanced beam shaping techniques such as
attenuation-compensation for realising greater imaging depth and image uniformity,
or structured illumination to increase the resolution of the technique. An interesting
avenue for further exploration would be the development of a system where the image
plane is purposely deformed, introducing a controlled curvature that can be tuned to
match the curvature of the Airy light-sheet. The idea of using imperfect optics and dis-
ordered media to improve imaging techniques is one that is gaining interest [23, 194,

, ] and will feature in future innovation in microscopy.

Although the Airy beam has been demonstrated as a relatively optimal beam type

for light-sheet illumination, further study is required to prove this definitively or to
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find an even better beam type. Airy light-sheet microscopy necessitates the use of
deconvolution to recover a high resolution image, other beam types could avoid this
post-processing step or combination with different acquisition or processing methods
may lead to new imaging techniques. Development of new imaging techniques in-
herently involves a trade-off between imaging parameters, spatiaotemporal resolution,
tield-of-view, phototoxicity, and many techniques can optimise one or a few of these
at the cost of others. The Airy light-sheet microscope has a very favourable trade-off
and achieves good performance in all parameters mentioned above. The use of new
beam types for light-sheet illumination should seek to further improve the cost of the
trade-off globally.

Innovation in super-resolution techniques could take the form of finding new ap-
plications for existing techniques. All super-resolution microscopy techniques are rela-
tively new and have only recently been commercialised. Biomedical end users may be
reluctant to invest in such techniques until they have been proven to have a practical
benefit over other techniques. Use of structured illumination for disease diagnosis (as
has been shown in Chapter 7 for nephrotic disease and by Westmoreland et al for blood
disorders [244]) demonstrates the practicality of the method. This practicality must be
further demonstrated in studies with larger sample sizes and in a number of different
tields to encourage wide adoption of the technique.

The spatial resolution of structured illumination microscopy may be improved by
use of non-linearities in photo-switchable fluorophores. The stability and brightness
of such fluorophores with improvements in camera technology have made non-linear
structured illumination a viable technique for live imaging. Separately, Fourier pty-
chographic algorithms have been demonstrate which can fundamentally increase the
temporal resolution of structured illumination. Such techniques are complimentary
and warrant investigation.

Optical manipulation in microscopy has shown to be greatly beneficial for a number
of studies [136-144], but the complexity of systems combining advanced microscopy
and advanced optical manipulation techniques can be daunting to many end users

wishing to replicate the technique. Fibre base optical manipulation greatly simplifies
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the design of an optical manipulation system and can be easily incorporated into exist-
ing microscopy platforms. Future work in this area will investigate compact and fibre
based optical manipulation that can achieve three-dimensional trapping, simultaneous
trapping of multiple objects, and trapping with non-Gaussian beams. These systems
will rely on miniaturised optics and careful design of systematic aberrations.

Perhaps the direction with the most potential for impact, is the combination of light-
sheet microscopy, structured illumination, and optical manipulation. Each of these
techniques have been studied in relative isolation in this Thesis, but are complimentary
to each other and further work will investigate integration of various techniques for su-
perior imaging techniques. Light-sheet microscopy has been combined with structured
illumination to achieve higher resolution, optical sectioning ability, lower phototoxi-
city, and faster imaging than each technique can achieve alone [20, 59, 76, 78, ].
Light-sheet microscopy and optical manipulation has also been combined for control
and imaging of specimens in a more natural environment [165]. The combination of
structured illumination microscopy and optical manipulation has been touched upon

in this Thesis (Chapter 8).

9.3 Concluding remarks

This Thesis has addressed the use of beam shaping in microscopy for several applica-
tions, targeting volumetric microscopy, super-resolution microscopy, and combination
of microscopy with optical manipulation. All techniques discussed have the poten-
tial to be used for long-term imaging of biological specimens. In moving forward, all
imaging techniques must address the challenges of live imaging and not overlook pho-
totoxicity as a parameter of microscope design. Beam shaping has played a central role
in all of the techniques discussed, and will continue to be pivotal in future advance-

ments and pushing back the limits of microscopy and, in general, photonics.
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Appendix A

Extended theory underpinning

structured illumination microscopy

This Appendix details the physical mechanisms underpinning the SIM technique in the
linear regime. Non-linear SIM is also briefly discussed.

SIM is a technique where the illumination takes the form of a one- or two-
dimensional periodic pattern consisting of a few discrete Fourier components. Typi-
cally this pattern is formed from 2- [245] or 3-beam interference [32]. Such a technique
was originally developed to provide optical sectioning in a widefield microscope [74]
but it was later shown that the same technique could yield improved resolution two
times beyond the diffraction limit in the lateral plane [99], and then extended to in-
clude the axial direction [32]. Though the concept of extending the optical bandwidth

by patterned illumination has been known for nearly 40 years at the time [246, 247].

A1 Optical sectioning by structured illumination microscopy

Image formation in a fluorescence microscope can be described by:

D(r) = (H ® [S1])(r) (A1)

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, /(r) is the illumination intensity within the sample, and, for simplic-

ity,  is a one-dimensional vector in the lateral plane of the microscope [32]. S(r) - I(r)

231
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is the emission intensity from the sample, for uniform illumination, /(r) is unity, which
is the case for a standard fluorescence microscope.

When the illumination takes the form of a periodic modulation:

I(r) =1+ pcos(vr+ ¢) (A.2)

where p is the modulation depth, v is the frequency of the grating, and ¢ is an arbitrary
phase offset. This form of illumination can be produced from the interference of two
plane waves [245] and is analogous to Young’s double slit experiment [248]. The image

then becomes:

D(r) = Do(r) + 5D, (r) + Se™D_ (1) (A3)

where Dy(r), D,(r), and D_,(r) are given by:

Dy(r) = (H ® S)(r) (A4)
D,(r) = (H ® [¢""S])(r) (A.5)
D_,(r) = D;(r) (A.6)

Dy (r) is the image obtained with uniform illumination, the case of a standard fluo-
rescence microscope. D, (r) and D_,(r) are images formed from the interaction of the
object with the periodic illumination. If Dy(r) could be removed from the image, and
the grid pattern removed from the remaining image, a true optically sectioned image

would be achieved, described by:

Dsect(r) = [Dy(r)z + D_V(T’)2]1/2 (A7)
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Dygect(r) can be extracted from D(r) if multiple images are acquired with different

phase offsets, ¢. Considering the phase offset explicitly as a variable of the image:

D(r) = D(r, ¢) (A.8)

then for 3 images acquired with phase offsets equidistantly spaced over one period of

the illumination modulation:

2
Di(r.¢) = D(r. %) (A9)
4
DQ(T7 d)) = D(Ta ?) (AlO)
Ds(r,¢) = D(r,2m) (A.11)
From the above expressions D;..(r) can be determined from:
Dyeet(r) = |Di(r) + €5 Dao(r) + €5 Dy(r)] (A.12)

in a manner equivalent to homodyne detection [74, ], however this method requires
that i, ¢, and v are known or estimated. Alternatively, the sectioned image may be

determined from the sum of squared differences between the three images [74, 249]:

Diyect(r) = [(D1(r) = Da(r))? + (Da(r) — D3(r))* + (Ds(r) — D1(r))*]'/?  (A.13)

which does not require knowledge of 1, ¢, and v.

The acquisition of the three images, D1 (r), D2(r), and D3(r), serve to translate the
illumination grating such that all regions of the sample are maximally illuminated in
at least one of the images. To use a simple analogy, SIM plays "spot the difference"
with these images. The periodic illumination is only well focused in a single plane,
and only in this plane will the sample distribution contain this modulation and change

with the phase offset, ¢. In axially offset planes, the periodic illumination will defocus
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and become uniform for all values of ¢. The in-focus information will be different in
each of the images whereas the out-of-focus signal will be a constant, unmodulated,
background. Equations (A.12) and (A.13) perform this comparison and reject out-of-
focus signal from the image.

It is also worth noting that the case of uniform illumination can also be recovered
by [74]:
1
DQ(T‘) = §[D1 (’I“) + .D2 (’I“) + Dg(’l“)] (A14)

To assess the optical sectioning ability of the SIM technique, consider the image of
a thin fluorescent layer, S(r) = 1. From equation (A.3), the Fourier transform of the

image, D(r) is:

D(k,) = Do(k;) + %ei¢DV(kr) + Ee‘idi),u(k,ﬂ) (A.15)

Do(kr) = O(ky)S (ky) (A.16)
Dy (ky) = O(ky)S(ky — v) (A.17)
D, (k) = O(ky)S(ky +v) (A.18)

where O(k,), the optical transfer function (OTF), is the Fourier transform of the PSE,
H(r).

For the thin fluorescent layer, S (k) becomes a delta function, therefore:

Dy (ky) = O(ky — v) (A.19)

The optical sectioning ability of the periodic illumination is then related to the axial

response of the OTF at the modulation frequency, v. Including the axial behaviour,
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v=0 v=0

| C(v,0;u)|
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FIGURE A.1: Dependence of optical sectioning ability of structured il-

lumination on the frequency of the illuminating pattern, v. Plots of

optical sectioning ability, |O(k¢, ky,u)| = |O(v,0,u)| = |C(v,0,u)| =

[T (u,v)|/|1(0,v)| against defocus, u, for selected values of v, for the cases

of periodic illumination generated by (a) two-beam interference, and (b)

imaging of a physical grating into the sample. Figure used with permis-
sion from [249].

equation(A.19) becomes:

Dy (ky), 2| = [O(v, 2)] (A.20)

It is clear that the SIM technique will give the greatest optical sectioning when the
grating frequency, v, is such that the MTF in equation (A.20) decays most rapidly with
z. Figure A.1 shows the axial response of the OTF for selected values of v. In compos-
ing Fig. A.1, Karadidagli¢ and Wilson have extended the relations to three dimensions
where k, = (k‘g + k‘g)l/ 2 and k,, ky, and z, and have been expressed in optical coordi-

nates, k¢, k,,, and u, with the following relation to real-space coordinates:

(tw) = ?(x,y)nsin ) (A.21)
871' . 2
u = ~-zsin (0/2) (A.22)

where ) is the wavelength of the illumination, and for simplicity, the increase in wave-
length of the emitted fluorescence has been neglected, and nsin (¢) is the numerical
aperture (NA) of the imaging system. In this notation, the diffraction limit corresponds
to any point on the circle (k7 + k2)!/2 = 2. It is found that the strongest optical sec-

tioning occurs when v = 1, corresponding to a frequency exactly half of the diffraction
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limit. Figure A.1 highlights a difference between methods of generation of periodic
illumination which have thus far been neglected in this derivation. When a periodic
illumination is formed in the sample by imaging a physical grating, the image of the
grating is itself, also subject to blurring with axial defocus away from the image plane.
This additional imaging step is similar to the "double imaging" that occurs in confo-
cal microscopy where a point illumination source is imaged into the sample and is
then imaged onto the detector [250] and results in squaring of the PSE. The plots in
Fig. A.1(b) are the squares of the corresponding plots in Fig. A.l(a), showing that
SIM implemented with a physical grating can achieve improved optical sectioning over
SIM implemented with two-beam interference, however this grating must accurately
be translated in 27 /3 steps to acquire the necessary images to compute the optically

sectioned image which may be easier to achieve with interferometric techniques.

A.2 Resolution doubling by linear structured illumination mi-

croscopy

The use of patterned illumination can also improve the resolution of an image. Gustafs-
son realised that this form of illumination encodes high-frequency information, nor-
mally inaccessible to the microscope, on lower frequency information which is retained
in the image through the phenomenon of Moiré fringes [99], as shown in Fig. A.2(a).
This method is particularly beneficial in comparison to confocal microscopy because
the resolution enhancement is achieved without rejecting any signal emitted by the
sample. In this section, the mechanism underpinning this resolution enhancement is
discussed in both the lateral and axial directions. SIM exploiting an illumination that
is periodic only in the lateral plane will be referred to as 2D-SIM, whereas SIM that
makes use of periodicity in both the lateral and axial directions simultaneously will be

referred to as 3D-SIM.

Lateral resolution enhancement
Staying with the illumination scheme presented in Appendix A.1, lateral resolution en-
hancement can be gained using this form of periodic illumination as was first demon-

strated by Gustafsson [99].
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Revisiting equation (A.15), rewriting it here in full and extending the lateral axis to

a two-dimensional (2D) plane, it becomes:

D(ky) = O(k,)[S(ky) + %ei¢§(kr )+ ge_wg(kr +v)] (A.23)

Equation (A.23) contains three separate components, two of which contain the
Fourier spectrum of the sample, S(k,.), but shifted by +v. The shifted components
enable the microscope to acquire spatial frequencies which are normally outwith the
support of the OTF (Fig. A.2(c)). These additional higher frequencies are not directly
observed, instead they manifest as Moiré fringes [99], a lower frequency pattern gen-
erated from the beating of the grating frequency, v, with the spatial frequencies of the
object as is demonstrated in Fig. A.2(a). If the three spectral regions of the image can
be separated and restored to their correct location in the Fourier spectrum of the im-
age, then the resulting image will contain higher resolution information than the OTF
can normally yield. The resolution enhancement can be characterised simply by the
enhancement factor:

v

Cres(lV]) =14 (A.24)

|kr,maz|
where |ky maz| is the maximum spatial frequency supported by the OTE. C,.5(0) = 1
corresponds to no enhancement beyond the traditional case.

In contrast to the optical sectioning capability of 2D-SIM, the resolution enhance-
ment factor is maximal when v is maximal. As the grating must be delivered into the
sample by traditional optics (typically the same objective lens as is used for detection),
the grating is subject to diffraction, therefore |Vimaz| = |kr maz|, resulting in a resolu-
tion enhancement of two times beyond the diffraction limit [99].

In order to achieve a super-resolution image, each spectral region, which overlap
in the recorded images, must be separated and restored to its true location in Fourier
space. This can be achieved from matrix arithmetic if multiple images are acquired with
different phase offsets [251]. As 3 spectral regions must be recovered, 3 phase-shifted
images are required. The sequence of images, equations (A.9) - (A.11) are a suitable

sequence for this purpose [99]. More recently, Baysian estimation [257] and incoherent
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(a)

(c)

(b)

e

SS

(d)

-
-

FIGURE A.2: (a) Example of Moiré fringes produced from two high-

frequency gratings.

(b) Normal support of OTF (dashed circle) and

Fourier components of a periodic illumination with frequency vma. =
kg maz (red dots). (c) Extended Fourier regions (blue filled circles) which
produce Moiré fringes within the support of the OTF. (d) The Fourier
components which can be detected by 3 successive rotations of the grat-
ing in the lateral plane. (e) Separated (left) and restored (right) Fourier
components from 2D-SIM acquisitions in a real sample. Figures (a-d)
adapted with permission from, and (e) used with permission from [99].
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Fourier ptychography [253] have been exploited for separation of the spectral regions
with fewer phase-shifted images. Combination of the separate Fourier regions and
generation of a super-resolution image can be performed simply using a generalised

Wiener filter:

§(k - Y O (kr + mv) Dy (kyr + mv)
" 3| Okr + m'w)[? + w?

A(ky) (A.25)

where g’(kr) is the estimate of the sample distribution S(k,.) and is the super-resolved
image, D,,(k, 4+ mv) are the Fourier components of the acquired images associated
with the m = —1,0 + 1 frequency components of the grating illumination, w? is the
Wiener parameter corresponding to the signal-to-noise ratio of the acquired images,
and A(k,) is an apodization function, generally chosen to be a 3D triangle function
centred on the origin and extending to the edge of the extended OTF support [32, 193].

The resolution enhancement is only achieved along the axis defined by v. To
achieve resolution enhancement along all directions in the lateral plane, the Fourier
space must be extended in all dimensions equally. This can be achieved by using an
illumination pattern that varies along multiple directions, however, this can require
many images to separate all the spectral regions and compute a super-resolved im-
age [99]. More commonly, the orientation of the 1D patterned illumination is rotated
to act along different directions. Three pattern orientations, separated by 60° suitably
fills the lateral Fourier plane (Fig. A.2(d))[99]. The separated Fourier components and
their reconstruction are shown for a real sample in Fig. A.2(e)[99]. It is trivial to ex-
tend equation (A.25) to incorporate multiple grating orientations. A super-resolved
image, breaking the diffraction limit by a factor of two, requires a total of nine images
(three orientations each with three phase shifts), this is much fewer in comparison to
other super-resolution techniques, however, the trade-off for increased speed is loss of
spatial resolution as other super-resolution techniques can achieve significantly greater

resolution.

Lateral and axial resolution enhancement with coherent illumination
Despite the excellent improvement of lateral resolution, the technique described above

still has a poor axial resolution. As has already been discussed, the optimal grating
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frequency for resolution enhancement is not optimal for axial resolution enhancement.
To achieve three-dimensional resolution enhancement, 2D-SIM may be combined with
other techniques which provide axial enhancement such as standing wave microscopy
[251] or I°M [254]. The combination of 2D-SIM with I°M, I°S, has already been demon-
strated to provide resolution approximately 100nm in 3D [255], however, this technique
requires a complex optical system and requires illumination of and collection of emitted
fluorescence from the sample through two high NA objective lenses. In a much simpler
setup, 3D resolution enhancement can be achieved with a single objective lens through
illumination which varies periodically both laterally and axially as is discussed below.

So far, only the case of a two-dimensional (2D) PSF and illumination pattern
has been considered, here this will be extended to consideration of the full, three-

dimensional (3D) aspects. In general, periodic illumination takes the form:

I(rm,ya Z) = Z Iz,m(Z)Ir,m (Tm,y) (A26)

where I ,,(2) and I,,,((rs,) are pure harmonic functions along the z-axis and in the
lateral plane respectively, and m is finite. In the previous case examined in Appendix
Al,m=0,%1, I, n(rey) = Sexp (im[v - 14y + ¢]),and I, ,,, = 1.

This can be achieved through illumination by three plane-waves:

I(r) =Y ) Ep- Ege'Fa ko (A.27)
p q

which produce a 3D interference pattern containing only spatial frequencies only equal
to the pairwise difference vectors kg — kp,. This yields a periodic intensity grid contain-
ing 7 unique Fourier components arranged as shown in Fig. A.3(a).

If the illumination pattern is kept fixed with respect to the focal plane of the micro-
scope then the axial intensity pattern modulates the PSF of the microscope rather than

the sample fluorophore distribution and yields an image:

D(r) =Y Dp(r) (A.28)
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Din(r) = ([HIL;m(2)] @ [STrm(rz,y)])(T) (A.29)

The Fourier transform of D,,(r) is given by:

Do (k) = O (k) [S @ In]) (Kr) (A.30)

Om(kr) = (0 ® Lm)(kr) (A.31)

As above, I, ,,,(r4,y) are harmonic functions, their Fourier transforms will be delta

functions, and so equation (A.30) becomes:

Dy (k) = O (k) S (ky — Uim) (A.32)

The grating frequencies replicate the OTF in the pattern shown in Figs A.3(c) and
(d), and, when rotated in the lateral plane 3 times to fill the Fourier space homoge-
neously, Fig. A.3(e).

The grating frequencies that axially shift the spectral components of the object are
symmetric around z = 0 and so their projections onto the x —y plane are equal. As such,
these components can be described by a single lateral frequency shift and a modified
OTF which incorporates both the positively and negatively shifted axial components.
Therefore, m = 0,+1, £2 fully describes the image formed from a 3D intensity pat-
tern created from 3-beam interference, and only 5 phase-shifted images are required
to achieve resolution enhancement along the axial direction and one lateral direction
simultaneously.

The Wiener filter (equation (A.25)) can easily be extended to include the frequency
dependent OTFs, O,,(k, ), and is expressed below for all grating phases, m, and rota-

tions, d:

S Ok (K + mug) Dy g (K + mivg)

g(k"’) ’ 2 2
> 2o | Oy (Br + m'var)|” + w

A(k,) (A.33)
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(9)

FIGURE A.3: (a) Cross-sectional and (b) 3D view of normal OTF support
(dashed region in (a)) showing Fourier components of 3D illumination
grating (red dots) with spatially coherent illumination. (c,d) The Fourier
components which form Moiré fringes within the support of the OTF
(filled regions, various colours represent different regions). (e) 3D view
of the Extended Fourier space of the image available after 3 successive
rotations of the grating around the z-axis. (f) Axial broadening of the
illumination Fourier components with spatially incoherent illumination
(red dots). (g) Comparison of the effective OTFs for m = 0,+1,+2 for
the Fourier components in (e), and (h) resulting extended Fourier space
of image. The outline for the coherent case is shown in (h) for compari-
son (dashed lines). Figures (a,c f-g) adapted with permission from, and
(b,d,e) used with permission from [32].
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Lateral and axial resolution enhancement with spatially incoherent illumination

To demonstrate the method of 3D resolution doubling by structured illumination,
Gustafsson et al also developed a novel approach to generate the required 3D inten-
sity distribution based on spatially incoherent illumination [32].

In this approach, laser light is passed through a rotating holographic diffuser and
coupled into a multi-mode (MM) fibre before being delivered to a diffraction grating to
produce the three beams which interfere in the sample. The rotation rate of the diffuser
controls the spatial coherence which is chosen to produce a time-averaged uniform
intensity over the integration time of the camera. Each point in the three diffracted
beams which are interfered to produce the 3D intensity distribution is therefore only
coherent with the corresponding point in each of the other diffracted orders, this causes
a wider distribution of Fourier components in the illumination pattern. As shown in
Fig. A.3(f), this manifests as an axial broadening of the non-zero Fourier components
(Fig. A.3(g)). This, in turn, axially elongates their OTF and allows slightly higher axial
resolution to be achieved compared to the case of spatially coherent illumination (Fig.
A.3(h)).

The use of spatially incoherent illumination also serves to reduce the axial extent
of the illumination pattern, which should reduce photobleching and phototoxic effects
away from the plane of imaging [32]. A similar approach has been used by Chen et al to

reduce the axial extend of the illumination in structured illumination based light-sheet

imaging [46].

A.3 Structured illumination microscopy in the non-linear
regime

The structured illumination techniques described up to this point have assumed a lin-
ear response of the fluorophore to the incident illumination intensity. This criteria is
not always satisfied and can be broken in a controlled manner quite simply. Saturation
of the excited state of the fluorophore is a prime example of the non-linear behaviour
that can be exhibited in the fluorescence emission. Such a nonlinearity serves to distort

the periodic illumination pattern used in SIM and so higher harmonics appear in the
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(a)

FIGURE A .4: (a) Fourier components of non-linear 2D-sIM intensity pat-

tern (red dots), additional frequency components accessible to linear

SIM (light blue circles) and NL-SIM (dark blue circles). (b) Fourier space

accessible with 3 rotations of non-linear illumination (coloured circles)

showing necessity for many more rotations (12 rotations shown). Figure
adapted with permission from [100].

Fourier transform of the illumination. These harmonics enable Moiré fringes from even
higher spatial frequencies of the sample to become visible to the microscope.

A number of non-linear responses have been utilised to demonstrate non-linear SIM
(NL-SIM), most notably fluorophore saturation [100, 101] and the use of photoswitch-
able fluorophores [102-104]. Multi-photon excitation (nPE) fluorescence also yields a
non-linear fluorophore response, for example 2-photon excitation (2PE) fluorescence is
proportional to the square of the illumination intensity and so can produce a strong
second harmonic, 2v. However, the harmonics of nPE techniques for NL-SIM are mis-
leading as the illumination wavelength is longer than the equivalent single-photon ex-
citation (1PE) wavelength (2 times longer for the case of 2PE) and this negates some of
the improvement. nPE fluorescence techniques have been successfully utilised for NL-
SIM through combination with temporal focusing [256, 257] although only a 2 times
enhancement of the resolution can be achieved with the second harmonic rather than
3 times which would be achieved with 1PE.

In theory, NL-SIM can give unlimited resolution providing enough harmonics of
the grating can be generated [100]. The limiting factor becomes one of practical con-
siderations, as the number of illumination phases required to separate and restore each

Fourier components to its correct location increases with the number of harmonics and
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the number of pattern rotations required to fill the lateral plane also increases. To fur-
ther extend this to 3D-SIM necessitates the acquisition of even more images. The large
number of image acquisitions required to compute a super-resolved image places great
strain of the fluorophore, which must not become photobleached over the acquisition
of a single super-resolved image. As such, only NL-SIM utilising the first 2 or 3 har-

monics of the illumination pattern has been viable for biological samples.






Appendix B

Use of the Nikon N-SIM structured

illumination microscope

This Appendix describes the basic operation of the Nikon N-SIM structured illumina-
tion microscope which is used in Chapters 7 and 8. The N-SIM microscope is controlled

through Nikon NIS-Elements Advanced Research software.

B.1 Sample preparation

In order to achieve a good image with SIM, consideration must be given to the sample
preparation prior to imaging.

The Nikon N-SIM has 3 illumination wavelengths (405nm, 488nm, and 561nm) and
so is suitable for imaging most blue, green, and red fluorophores but care must be taken
when choosing fluorophores to minimise cross-talk between spectral channels.

The periodic illumination is produced by a fixed diffraction grating and is de-
signed for use with a single objective lens (Nikon, Plan Apo TIRF 100x/1.49 Oil DIC H
N2). The lateral resolution of SIM with this objective is expected to be approximately
100 —120nm (wavelength dependent) and the FOV is limited to a region approximately
30 x 30 um?. These factors must be considered when designing an experiment and
preparing a sample, the features of interest must be resolvable and must be sufficiently
contained within the FOV.

Temporal resolution is another key factor: the N-SIM can achieve temporal resolu-
tion of approximately 1 2D SR image (9-15 acquired frames) in 1s in one colour channel.

Switching to a different colour channel requires mechanical changes in the microscope
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and introduces a significant delay. Multi-colour acquisition is therefore much slower
and not suitable for high frame-rate timelapse studies.

The microscope objective requires calibration for the thickness of coverslip in order
to minimise spherical aberration (see Appendix B.2.2). In order to maintain a valid
calibration, the same thickness of coverslip should be used. No. 1.5 thickness cover-
slips are recommended although the thickness, specified as 170 um, typically ranges
from 140 — 200 um. As such, coverslips must be sized before use and only those with
thickness of (170 & 10) um should be used. Alternatively, coverslips with tighter toler-
ances can be bought. Coverslips should be clean and only fresh immersion oil should
be used to place these on the objective lens. Nikon recommends Nikon brand Type
NF immersion oil for SIM as this has low autofluorescence and minimises chromatic
aberration.

Slides should be mounted level and rigidly on the microscope to minimise sample

drift.

B.2 N-SIM calibration

The microscope must be calibrated for optimal performance. There are three major

steps to fully calibrate the N-SIM for imaging.

B.2.1 Optical fibre axis alignment

The first step is to align the optical fibre that delivers illumination into the microscope
body. The SIM illumination is performed by a MM fibre coupled laser bank which
illuminates a diffraction grating and is subsequently imaged into the sample via the
microscope objective lens.

The lateral and axial position of the output facet of the MM fibre can be adjusted by

micrometre accuracy positioning screws. This is aligned as follows:

e The SIM objective lens height is adjusted to form an in-focus image of a sample.

This position is fixed, the sample is removed and the objective cleaned.

e The condenser lens on the illumination pillar is removed and a target mounted

on the illumination pillar of the microscope is switched to the active position.
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e Without adjusting its height, the objective turret is rotated to an empty position.
e The SIM grating block is removed from its housing.

e The "Widefield" imaging option is selected in the N-SIM panel within the Ele-

ments software and "Live" acquisition is selected.

e The fibre positioning screws are adjusted until the beam is a sharply focused cir-

cle, centred on the target.

e The previous two steps are then repeated with the grating block replaced. Small

adjustments only should be required.

e The SIM objective lens is then reselected with the objective turret and the beam

re-centred on the target. Small adjustments only should be required.

The fibre is then aligned.

B.2.2 Correction collar adjustment

The SIM objective lens features an adjustable correction collar to correct for spherical
aberration due to the refractive index mismatch between the coverslip and the sample
medium. The correction collar must be adjusted for a particular thickness of coverslip.

The following procedure is used to determine the optimal position of the correction

collar:

¢ A dilute sample of 100nm fluorescent beads is prepared and allowed to settle and

adhere to the coverslip prior to imaging.

e The correction collar is set to one particular position (labelled 0.13-0.19 on the

objective casing) and the bead sample is adjusted to best focus.

e The laser intensity and camera integration time are adjusted to give suitable sig-

nal.

e A 10 um z-stack is acquired around the focal position to measure the 3D PSF of

the microscope (see Fig. B.1)

e The above is repeated for all correction collar positions.
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FIGURE B.1: N-SIM correction collar adjustment. 3D PSFs acquired as
described in the main text for different correction collar positions (la-
belled under each PSF). The most symmetric PSF is highlighted. Po-
sition 0.18 is the optimal correction collar position in this case. Figure
taken from the Nikon N-SIM operation manual (ver. 2.8).
e The acquired PSFs are compared and the correction collar position giving the

most symmetric PSF is selected as the optimal.

A Wizard in the Elements software guides the user through the above procedure.

B.2.3 Grating focus adjustment

It is now necessary to align the focal plane of the structured illumination grid with the
focal plane of the microscope to ensure the best contrast. This is achieved by adjusting
the position of the SIM grating block.

The offset of structured illumination grid and image planes is determined as fol-

lows:
e Use the same sparse bead sample as for the correction collar adjustment.
e Adjust to the best focus.

e Using the "Correction Ring Navi” Wizard, start a 1D-SIM z-stack acquisition

around the focal plane.

e Select an isolated beam in the image stack, the software automatically plots the
axial profile to determine the bead position and therefore image plane position

(see Fig. B.2).

e The SIM grating position is then moved by piezo to match the image plane.
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Current

Target

FIGURE B.2: N-SIM grating focus adjustment. Axial PSF of isolated

100nm fluorescent bead. Green vertical lines indicate current and new

grating focus positions, at the start and end of the arrow respectively.

The blue shaded area indicates the range of the grating piezo. The new

grating position is the peak of the axial profile as determined from a fit-

ted model to the data. Figure taken from the Nikon N-SIM operation
manual (ver. 2.8).

B.3 Image acquisition

Prior to starting a SIM image acquisition, the illumination intensity and camera expo-
sure must be set appropriately. As individual image frames are combined to yield a
SR image, the signal must be within the linear range of the camera (EMCCD; Andor
iXon+). The camera has a 14-bit dynamic range, giving 16384 quantised values. The
camera is linear with incident intensity up to a signal of about 4000 and the illumina-
tion intensity and exposure time must be set to produce a maximal signal within this
range. Signal levels above this could produce artefacts in the reconstructed images and
signal significantly lower than this will have low SNR.

Once set for all colour channels, the order of acquisition can be set. 6-dimensional
(6D) image stacks can be acquired, I(z,y, z, A, t,7), where x, y, and z are the standard
microscope coordinates, A is the wavelength channel, ¢ is time, and r is a positional
offset in the lateral plane allowing for multiple ROIs to be imaged. The acquisition
parameters and order are set and acquired automatically.

Images can be acquired in a standard widefield epi-fluorescence mode, or with 2D-
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and 3D-SIM modalities. Multiple imaging modes cannot be combined as part of the
same imaging sequence. For example, it is not possible to set a timelapse experiment
where a 3D-SIM image is acquired for the green channel while a widefield image is
acquired for the red channel at each corresponding time-point. Figure B.3 shows a 3-
colour image of a test slide (Invitrogen, FluoCells Prepared Slide No. 1) acquired with

standard epi-fluorescnece (Fig. B.3(a)) and 3D-SIM (Fig. B.3(b) and B.3(c)).

B.4 Image reconstruction

There is some control given over the parameters used for reconstruction of a SR image
from recorded raw data.

3D-SIM z-stacks allow processing of the entire z-stack as a related dataset, utilis-
ing a "pre-deconvolution" step which reduces the influence of out-of-focus signal from
other z—planes on the reconstruction algorithm. The reconstruction algorithm has two
parameters that can be varied. The "Illumination modulation contrast" which influ-
ences the shape of the MTF of the microscope. This can be set to "auto" which fits a
function to the MTF from experimental data. Figures B.3(d-f) shows the effect of vary-
ing the illumination modulation contrast. Additionally, "High resolution noise sup-
pression” can be set. This controls pixel noise but can also smooth out high resolution
features in the image. Figures B.3(d-f) shows the effect of varying the high resolution
noise suppression.

Figure B.3 shows that there is little effect on the image by changing the illumination
modulation contrast, more extreme values may show changes in image quality but
"Auto’ was used most commonly. The high resolution noise suppression has the most
significant effect on data. In Fig. B.3(g) the image contains more single pixel variations
whereas in Fig. B.3(i) these variation are not present but the high resolution features
appear slightly blurred. N = 1.00 was used for the majority of SIM reconstructions.

In 2D-SIM mode, there is no "pre-deconvolution" step and each image plane is pro-
cessed separately. There is an additional parameter, "Out of focus blur suppression”
which suppresses low frequency features similarly to the high resolution noise sup-

pression parameter.
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Epi-fluor.

FIGURE B.3: Effect of varying reconstruction parameters on SIM image.
Epi-fluorescence (a), recorded 3D-SIM raw data (b), and reconstructed
3D-SIM (c) images of BPAE cells (Invitrogen, FluoCells Prepared Slide
No. 1) showing actin filaments (green), mitochondria (red), and DNA
(blue). The modulation contrast parameter, C, is varied in the middle
row; (d) C = 0.30, (e) C = 0.53, and (f) C' = 2.00. The high resolution
noise suppression parameter, N, is varied in the bottom row; (g) N =
0.50, (h) N = 1.00, and (i) N = 2.00. In (c), C = Auto, N = 1.00.






Appendix C

Addressing a spatial light modulator

This Appendix describes how pupil function engineering can be achieved using a spa-
tial light modulator (SLM) and related principles which are used to simulate the profile

of a beam.

C.1 Complex field manipulation with phase only control

The SLM is a square array of liquid crystal cells, each of which can apply a phase delay
to a small region of the incident light field. By control of the phase delay at each pixel,
the phase profile of the beam can be controlled.

Phase control gives some freedom, but restricts access to some beams types. Ad-
ditionally, the modulation efficiency of an SLM is never 100% as this will depend on
the fill-factor of the device. The practically achieved modulated beam will contain the
super-position of the desired modulation and an unmodulated beam. This will result
in inconsistencies in the beam profile.

Complex (amplitude and phase) modulation of the field can be achieved by mod-
ulating the desired profile with a blazed grating. The desired modulation is then
achieved in the first-diffracted order with 100% modulation efficiency (of the light
within the first-order).

The phase profile to create a blazed grating has the form:

Myazed(u,v) = exp[2mi(T, - u+ T - v)] (C.1)

where (u, v) are normalised pupil coordinates zero-centred on the SLM active region,

T,, and T;, scale the frequency of the grating along the u— and v—axes respectively.
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Amplitude modulation is achieved by turning off different spatial regions of the
blazed grating.
An apodization function allows the effective NA of the illumination to be con-

trolled.

Mapodization(ua U) = H<1 Y u2 + U2) (CZ)

where H is the Heaviside step function.
The same principle enables the generation of a Bessel beam by applying the

apodization function:

Mpesser(u,0) = H(1 — /u? + 02)H(v/u2 + 02 — 1+ ) (C.3)

Wavefront correction was also performed to correct for aberrations in the optical
train to ensure experimental results were as close to theoretical predictions as possible,
this was achieved using the method described by Cizmar, Mazilu, and Dholakia [194].
Once the correction mask, Myqycorr, Was determined it was additionally modulated on
the SLM profile.

The full profile displayed on the SLM was the phase component of the product of

the blazed grating, apodization, wavefront correction, and the desired modulation:

MSLM (u, U) = Mapodization (u> U) : Mblazed(ua U) - Myaveorr (U7 U) : Mdesired(ua U) (C4)

Figure C.1 shows examples of the masks described above to be displayed on a
600 x 600 pixel area of a 800 x 600 pixel SLM (Hamamatsu, LCOS X10468-04), cor-
responding to a maximum effective NA of the SLM of 0.6. Figure C.1(g-i) displays the
full phase profiles to yield Gaussian, Bessell0, and Airy7 beams with NA = 0.42 as
used in Chapter 4.
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FIGURE C.1: SLM profiles for complex field modulation. Various
amplitude-only (a,e; range: 0 : 1), phase-only (b,c,d f; range: 0 : 27), and
complex (g h,i; range: 0 : 27) field profiles using a 600 x 600 pixel area of
a 800 x 600 pixel SLM. (a) apodization mask corresponding to NA = 0.42,
(b) blazed grating with T, = 10, T,, = 0, (c) wavefront correction phase
mask for systematic aberrations, (d) defocusing phase mask with d = 5,
(e) Bessel ring apodization with 8 = 0.1, (f) Airy cubic phase mask with
a =7, (g) full Gaussian mask, product of (a,b,c), (h) full Bessel10 mask,
product of (a,b,ce), and (i) full Airy7 mask, product of (a,b,c,f).
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C.2 Simulating beam profiles from pupil functions

The desired pupil functions described above and elsewhere in this Thesis were used to
simulate 3D beam profiles.

The electric field distribution in the sample volume is calculated as the Fourier
transform of the electric field distribution in the SLM plane. Only the desired mod-
ulation is considered, the SLM is assumed to have 100% modulation efficiency, and
there are no systematic aberrations in the optical train. From this, the intensity pro-
file can be determined in the focal plane of the illumination objective lens, I(z,y,0),
where x and y refer to the lateral focal plane of the illumination objective and z is the
longitudinal coordinate on the optic axis of the illumination objective.

The intensity distribution in axially offset planes can be determined by applying a

defocussing term to the field applied in the SLM plane. The defocus is given by:

Mdefocus (u, U) = exp[2ﬂ-id(u2 + 02)] (CS)

where d is the defocus parameter, related to the physical axial displacement, z, by:

d= z% <1 11— (1\?)2) (C.6)

M e focus(u,v) is shown in Fig. C.1(d) for d = 5. Repeated calculation with different

d allows the full 3D intensity profile of the beam, I(z,y, z), to be determined.



Appendix D

Derivation of light-sheet properties

This Appendix derives expressions for the axial resolution and FOV of single-photon

excitation Gaussian, Bessel, and Airy light-sheet as discussed in Chapter 4.

D.1 Axial resolution and field-of-view with Gaussian illumi-

nation

An apertured Gaussian beam will focus to a diffraction limited spot, its MTF is given

by:

2
MTFg(v,) = - (arccos(uzmaw) —v/1— V%) (D.1)

Taking a practical threshold for the noise floor as 5%, the maximum spatial fre-
quency achieved by the Gaussian beam, in normalised coordinates, is v, = 0.88. The
practically attainable resolution can then be determined from the modified Abbe crite-

rial:

A

- - D.2
"oy 2NA Vz max ( )

This yields a maximum attainable axial resolution with the Gaussian beam of rg =
720nm with the same experimental parameters as used in the simulations described in

Chapter 4.2.2.

!The modified Abbe criteria is subscripted =, y, referring to the lateral coordinates of the beam. How-
ever, due to the light-sheet geometry, this is representative of the axial resolution of the microscope system.
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The FOV of the Gaussian beam can be estimated from the axial extent of the Gaus-
sian focal spot given by equation (2.2).
2\n

The additional factor 2 in equation (D.3) is due to the symmetric nature of the focal
spot and the definition of the axial extent of the spot by equation (2.2) which is from

the peak to the first intensity minimum. Therefore the approximate FOV of a Gaussian

light-sheet is FOV; = 16 pm.

D.2 Axial resolution and field-of-view with Bessel illumina-
tion

Considering Bessel beam formation as the Fourier transform of a thin annulus [26],
with pupil function:
1

Pp(u,) = mH(l —up)H(up — 14 ) (D.4)

where u,. is the radial normalised pupil coordinate, H denotes the Heaviside step func-
tion, and f is the fractional width of annulus (width of annulus/radius). The first term
in equation (D.4) ensures the total beam intensity is unity.

The MTF of the Bessel beam can calculated from the autocorrelation of the pupil
function. This is approximated geometrically by:

MTFg(v.) = g (D.5)

vVl - 1,.(2— f)

The support (magnitude) of the MTF is dependent on the value of 3. Taking a linear

approximation of the denominator in v, and combining with equation (D.2) using the

same 5% threshold as for the Gaussian beam yields the expression:

A 0.05(2— )

~ SNA 5 (D.6)

B
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As (3 is typically small (5 < 1), this can be further simplified to:

L 0.05mA
B~ NAB

(D.7)

which shows that the achievable resolution with a Bessel beam is approximately in-
versely proportional to the width of annulus used to form the Bessel beam.

The FOV of the Bessel beam will be given by the propagation range over which
constructive interference occurs on axis. By symmetry, at any distance from the illu-
mination objective, rays from a given radial coordinate will interfere constructively on
axis. Therefore, the end of this range will occur when destructive interference occurs
between rays originating from inner and outer edges of the annulus. This phase differ-

ence is given by:

A¢ = 2rdB(2 — B) (D.8)

where d is the defocus parameter (see Appendix C). Again, for small 3, this becomes:

Aé ~ 4ndf (D.9)

The defocus parameter is given by:

d= x% (1 —yJ1- <N:‘>2> (D.10)

where z is the on-axis displacement from the beam waist.
Destructive interference occurs for A¢ > m. Combining with equations (D.9) and

(D.10) yields:

2
471'33% (1 —4/1—= <1\;A> >ﬂ > (D.11)

The estimated FOV of the Bessel beam is 2z, rearranging (D.11) gives the expres-

sion:

A
FOVp = D.12
B mB1 = /T— (NA jn)? (D-12)
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Similarly with equation (D.7), the FOV of a Bessel beam depends inversely on the
annular width. These relations demonstrate the inherent trade-off that exists when us-
ing a Bessel beam for light-sheet illumination, increasing the FOV inherently reduces
the resolution and vice versa. The trade-off with Bessel illumination is less restrictive
than for Gaussian illumination, doubling r¢ will quarter FOV(; as this scales with
NA~2 whereas doubling 5 can be achieved simply by varying 3 and will only half
FOVp as this scales with 571

Two Bessel beams were chosen to demonstrate this trade-off. In order that rela-
tively good axial resolution was still achievable, and to ensure sufficient power could
be transmitted into the sample, 5 was kept fairly large. Bessel5 and Bessell0 refer, re-
spectively, to Bessel beams with an annular width of 5% and 10%. Their achievable

axial resolution and FOV are summarised in Table D.1.

Beam type | Bessell0 | Bessel5
rg [ um] 1.99 3.98
FOVp [ um] 39.1 78.2

TABLE D.1: Analytical Bessel light-sheet resolution and field-of-view or
selected (.

D.3 Axial resolution and field-of-view with Airy illumination

An Airy beam may be formed from the pupil function:

H(1l —u,)

NG

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

Pa(u,v) = exp[2mia(u® + v?)] (D.13)

respectively, u, = (u? + v?)'/2, and « is the strength of the cubic modulation.
The MTF of the Airy beam oscillates strongly for large a but can be approximated
using the stationary phase approximation [191] as:

MTFa(v.) = ——— (D.14)

V48|av,|
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Taking a 5% threshold of the Airy MTF and substituting into equation (D.2) yields

an achievable resolution of:

ra=0.120—— (D.15)

From equation (D.15), it would appear that super-resolution information, beyond
the diffraction limit can be achieved with the Airy beam as for @ < 8.33, r4 will be
smaller than \/2NA. However, equation (D.15) is based on an approximation of the
Airy MTFE, for example setting o = 0 produces a Gaussian beam but with infinite reso-
lution which is clearly wrong. For v, — 0 or v, — 1 (as is the case when considering
the resolution limit) the Gaussian MTF is a more valid approximation. Therefore, what
is correctly inferred from equation (D.15) is that the resolution achieved by an Airy
beam is diffraction limited for a@ < 8.33. For a > 8.33, an increase in o will result in a
decrease in resolution.

To determine the FOV of the Airy beam, the propagation range over which the Airy
beam "core" (lobe of maximum intensity) exists. Due to the nature of the Airy beam, a
different approach is required to that taken for the Bessel beam. Consider the full pupil
function of the Airy beam including defocus:

H(l\}ﬂur) exp[2mia(u® + v®)] exp[27idu,.?] (D.16)

Shifting the origin of the pupil plane can eliminate the quadratic defocus term. For

PA(U,’U; d) =

simplicity, this is shown for the case of a 1D pupil function, P(u;d), using the coordi-

nate shift:

U =u—— (D.17)

the total phase profile across the pupil becomes:

d2 2d3
3 2 13 /
— = e [ —— D.1
ou du au <3 )u 2702 (D.18)

As equation (D.18) shows, there is no quadratic term in ’ after the origin shift.



264 Appendix D. Derivation of light-sheet properties

The intensity distribution near the "focus" of the Airy beam depends mainly on the
pupil phase near the origin as rapid phase shifts, which occur far from the origin due to
the cubic nature of the pupil phase profile, are cancelled out by destructive interference.
Therefore the axial extent of the Airy beam can be estimated by considering the defocus
at which the shifted origin lies at the edge of the pupil aperture, i.e. when d = 3a.
Combining with equation (D.10) to relate d to the physical beam displacement results
in a FOV for the Airy beam of:

6o\ 1

FOVy = = = TV (D.19)

Table D.2 summarises the achievable resolution and FOV for Airy beams with var-

ious a-values.

a 25 5 10 20
ra [ um] 072 | 0.72 | 0.76 | 1.52
FOV,4 [um] | 117.3 | 234.5 | 469.0 | 938.0

TABLE D.2: Analytical Airy light-sheet resolution and field-of-view for
selected .

Table D.2 shows the non-linear nature of the resolution/FOV trade-off for Airy
beams. For low values of «, there is no loss in resolution when increasing the FOV,
when increasing a beyond 8.33, there is a slight reduction in resolution when the FOV
is increased, and for large «, the resolution decreases inversely with the increase in

FOV, the same as for the Bessel beam.



Appendix E

Theory of principal component

analysis for image filtering

This Appendix summarises the theoretical underpinning of PCA, as used for image
filtering in Chapter 8.

The spatial covariance matrix of a movie, M, is defined as:

where M_ . corresponds to the value of the n'” pixel in the m*" row of the i*" frame of
a movie. This covariance matrix is symmetric, positive, and semi-definite. It describes
the correlations between frames i and j of the movie. The covariance matrix can be

represented by an eigenvector decomposition with real, positive eigenvalues as:

N A e (E.2)
J

®) is the k" eigenvector with corresponding eigenvalue, A(*). The eigenvec-

where V,
tors form an orthonormal basis. The eigenvectors and their eigenvalues are ordered by
magnitude of eigenvalue, starting with the largest eigenvalue and decreasing. The first
eigenvector corresponds to the fist principal component (PC). The k" PC, as defined in

the image space, is given by:

K1 i (k)
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The adaptive filter projects each frame onto the PCs, determining the coefficient, c};,

for how much the k! PC describes the it" frame:

k=D D Mum M) (E4)
The inverse process is then performed to recompose the frames using only the rel-

evant PCs, giving the filtered frames, M}, :

kmaa:

M, =" cME) (E.5)
k=1

where k,,.. defines the last PC which contains relevant information on the motion of

the particle.



Appendix F

Protocols: Sample preparations

This Appendix contains details of how samples used in experiments throughout this

Thesis were prepared.

E1 Sample preparations for experiments presented in Chapter

4: Light-sheet microscopy using an Airy beam

F1.1 Amphioxus muscle block

A juvenile amphioxus (Branchiostoma lanceolatum, gender not determinable at age) was
humanely killed by an overdose of ethyl 3-aminobenzoate methanesulfonate (Sigma,
MS-222) and was fixed in 4% (w/v) paraformaldehyde (PFA) in MOPS buffer (0.5M
NaCl, 2mM MGSO4, 1mM EGTA, 0.1M morpholinopropanesulfonic acid buffer, pH
7.5) for 1 h at room temperature and then washed three times in PBT (1x phosphate
buffered saline (PBS) solution, 0.1% Triton X-100). The 'skin’ of the amphioxus was
peeled off. The specimen was permeasbilised in PBT for 1 h at room temperature (RT).
A ribonuclease (RNase) treatment was then performed, consisting of a brief wash in 2x
SSC (0.3M NaCl, 0.03M sodium citrate, pH 7.0) followed by incubation with 100png/mL
deoxyribonuclease-free (DNase-free) RNase A (Promega) in 2x SSC for 20 min at 37°C
and three washes with 2x SSC. Non-specific binding sites were blocked with 5% nor-
mal goat serum (NGS), 1.5% bovine serum albumin (BSA), 0.1% Triton X-100 in PBS
solution (0.01M PBS, 0.0027 M KCl and 0.137 M NaCl, pH 7.4) for 1 h at RT. For visual-
isation of actin filaments, the specimen was stained overnight at 4°C under continuous

agitation with Alexa Fluor 488 Phalloidin (Invitrogen) diliuted 1:40 (v/v) in 1.5% BSA,
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0.1% Triton X-100 PBS. After a brief wash in 2x SSC, the sample was immersed in a
1:1650 (v/v) dilution of propidium iodide (PI; Invitrogen) in 2x SSC for 15 min at RT
for nuclear counterstaining. The sample was then rinsed several times in 2x SSC and
embedded in 1% low-melting point (LMP) agarose (Peglab, peq-GOLD) on the sample

mount and allowed to set for 10 min. before imaging.

F1.2 Photobleaching study sample

Homogeneously fluorescent samples were prepared by embedding Cy3-streptavidin
(Invitrogen) at a high concentration within a polyacrylamide (PAA) gel matrix. The
pore size of the gel matrix is believed to isolate the Cy3-streptavidin in the sample
volume, preventing diffusion of the fluorophores.

A solution of 15% acrylamide in 1x Tris-borate-EDTA buffer was mixed in a 1:1
ratio with Cy3-streptavidin in buffer yielding a final concentration of 10uM. 0.7% 1x
Ammonium persulfate (Sigma; APS) and 0.07% 1x TEMED (Sigma) was added to cause
polymerisation of the acrylamide for formation of the PAA matrix and left overnight

to set.

FE2 Sample preparations for experiments presented in Chapter
5: Application of Airy light-sheet microscopy to imaging in
turbid tissue

All animal experiments were reviewed and approved by the University of St Andrews
Animal Ethics and Welfare Committee under Dr Javier Tello’s Home Office Project Li-
cense 70/7924. All in vivo experiments were performed by Dr Javier Tello and Ms Sanya

Aggarwal only.

F2.1 Viral infusion in vivo

7tm1.1(ere/EGEP)Stely ywere anaesthetised with isoflu-

Adult female heterozygous mice (Kiss
orane, and adenoassociated viral particles (AAV; AAV1/2-Efla-DIO-mCherry-wPRE;
1.75 x 10" gc/ml were injected bilaterally into the hypothalamic arcurate nucleus us-

ing stereotactic guidance (coordinates: AP —1.6, ML 0.3, DV —5.9) with a pulled glass
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pipette and pressure injection at a volume of 400nL/side, at a rate of 75nL/min. After
surgery, mice were returned to their cages and tissue was collected after 3 weeks to
allow for AAV activation. Mice were culled by deep anaesthetisation with an overdose
of sodium pentobarbital (100mg/kg) and transcardially perfused with 0.1M PBS (pH
7.4) followed by 4% PFA in PBS (pH 7.4). Brains were post-fixed overnight in 4% PFA
in PBS and subsequently cryopreserved in 30% sucrose in 0.1M PBS. The brains were
sectioned using a Compresstome vibratome (Precisionary Instrucments VF-300) at a

thickness of 400 pum.

F.2.2 Fluorescent bead infusion in vivo

Adult female heterozygous mice (Kiss1!"1-1(c/EGFP)Stel) vyere anaesthetised with isoflu-
orane, and fluorescent beads (Duke Scientific R600, 600nm diameter polystyrene, red
fluorescence), diluted 1:50 in PBS, were injected bilaterally into the hypothalamic ar-
curate nucleus using stereotactic guidance (coordinates: AP —1.6, ML £0.3, DV —5.9)
with a pulled glass pipette and pressure injection at a volume of 500nL/side, at a rate
of 75nL/min. Mice were culled 2h following bead injection and post-fixed as described

above.

F2.3 Tissue clearing with TDE

Tissue sections were optically cleared using TDE as described by Constantini et al in
the section, "Optical clearing with TDE" [200]. This is described below.
Tissue sections were cleared with serial incubations in 10mL of 20% and 47% (v/v)
2,2’-thiodiethanol (TDE) in 0.01M PBS, each for 1h at 37°C under continuous agitation.
Optically cleared tissue sections were embedded in 1% LMP agarose gel made with

47% TDE/PBS buffer and immersed in 47% TDE/PBS during imaging.
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E3 Sample preparations for experiments presented in Chapter
6: Advanced beam shaping strategies for Airy light-sheet

microscopy

E3.1 Zebrafish larva

A 14 days post fertilisation (14-dpf) zebrafish larva (Danio rerio, gender not de-
terminable at age) was humanely killed by an overdose of ethyl 3-aminobenzoate
methane sulfonate (Sigma, MS-222). Schedule 1 techniques were used in compliance
with the Animals (Scientific Procedures) Act regulations and are authorised by the An-
imal Welfare and Ethics Committee of the University of St Andrews. The zebrafish
was then fixed in 4% (w/v) PFA in PBS overnight at 4°C. The tissue was then perme-
abilised by washing three times in PBT (1x PBS, 0.1% Triton X-100). Muscle fibres were
visualised by staining actin filaments with Alexa Fluor 555 Phalloidin (Invitrogen). The
zebrafish larva was stained overnight under continuous agitation with Alexa FLuor 555
Phalloidin diluted 1:100 (v/v) in PBT. The specimen was then rinsed three times in PBT
and embedded in 1.5% LMP agarose within a poly(ethylene) (PE) tube and allowed to

set for 10 min. before imaging.

F4 Sample preparations for experiments presented in Chap-
ter 7: Structured illumination microscopy for diagnosis of

nephrotic disease

F4.1 Preparation of kidney tissue for SIM

Tissue sections were prepared for imaging by SIM using standard indirect immunoflu-
orescence staining. Sections of 5 um thickness were cut from the frozen tissue block
using a Tissue-Tek Cryo3 Microtome/Cryostat (Sakura Finetek, 5805) and mounted
on Colorfrost Plus Slides (Thermo Fisher Scientific, 12-550-17). Sections were warmed
to room temperature, washed twice for 1 min. with phosphate buffered saline (PBS,

Becton Dickinson and Company, B11248), then fixed for 10 min. in freshly made 2%
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paraformaldehyde (PFA; Electron Microscopy Sciences, Prill’s form, 19200) in Dul-
becco’s PBS (pH 7.4; Life Technologies, 14200-075). The sections were washed a further
three times in PBS for 1 min. each, permeabilised in 0.2% Triton X-100 in PBS (Sigma-
Aldrich, T9284) for 20 min., and washed three more times in PBS. Sections were then
incubated in wash buffer (0.05% Tween 20 in PBS; Dako, S1966) supplemented with 1%
bovine serum albumin (BSA; Jackson ImmunoReseach Labs, 001-000-162) for 5 min.
then blocked for 20 min. at room temperature with 5% normal goat serum (Vector
Labs, 51000) in antibody diluent (Life Technologies, 003218) with 1% BSA. Slides were
incubated for 30 min. with 100uL per slide of rabbit polyclonal anti-podocin antibody
(Sigma-Aldrich, P0372) diluted 1:500 in antibody diluent with 1% BSA, washed 3 times
in wash buffer, incubated for a further 30 min. with fluorescein isothiocyanate (FITC)-
conjugated goat anti-rabbit antibody (Sigma-Aldrich, F0382), and washed three more
times with wash buffer. Coverslips (24 x 50mm) were then added with Vectashield anti-
fade mounting medium with DAPI (Vector Labs, H-1200) and sealed with nail varnish

to prevent dying of the sample.

F4.2 Preparation of kidney tissue for TEM

For comparison with SIM images, TEM images of kidney biopsies were taken as part of
routine diagnosis processed by standard EM preparation and imaging methods [224].
Briefly, biopsy tissue of 1 — 2mm maximal dimension were fixed in cacodylate-buffered
4% formaldehyde—2.5% glutarahyde solution for at least 1 hour, postfixed in 1% os-
mium tetroxide, dehydrated with aqueous ethanol solutions and acetonitrile, and em-
bedded in Araldite-Epon resin. Thin sections (100nm) of the embedded tissue were cut
using an ultramicrotome (Leica, Ultracut), then mounted on 3mm copper grids, stained
with 1% uranyl acetate-lead citrate, and imaged with a JEOL 1400 TEM equipped with
a side-mounted CCD (GATAN, 785 ES1000W) at magnifications between 1000 —20000x.
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E5 Sample preparations for experiments presented in Chapter

8: Integrated optical trapping and microscopy

E5.1 B3Z T-cell hybridoma

B3Z cells were cultured in suspension using Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal calf serum (FCS) and the antibiotics penicillin
(100units/mL) and streptomycin (100mg/mL) at 37°C in a humidified atmosphere of
5% COg in air. Prior to the experiment, cells were pelleted, washed in fresh medium
and loaded with the calcium indicator Fluo-4 (Life Technologies, Fluo-4, AM, cell per-
meant, F-14201) as per the manufacturer’s instructions: Fluo-4 stock solution (ImM
Fluo-4 in dimethyl sulfoxide (DMSQO)) was mixed in a 1:1 ratio with Pluronic F-127
(20% solution in DMSO, Life Technologies, P-3000MP) and added to the cells at a fi-
nal concentration of 0.1mM in fresh medium and incubated at 37°C for 30 minutes.
The cells were then washed twice in imaging medium (phenol-red free DMEM supple-
mented with 2% charcoal stripped FCS (Life Technologies, 12676-011) plus penicillin
and streptomycin as above.

Antibody conjugated beads were prepared by passive adsorption of 3.1um
polystyrene beads coated with protein G (0.5% (w/v), Spherotech, PGP-30-5) with
mouse anti-CD3 (Img/mL, eBioscience, 16-0032) and anti-CD28 (1mg/mL, eBio-
science, 16-0281) antibodies. 2ug of each antibody solution was added to 100uL of
the protein G coated bead solution, vortexed, and incubated an room temperature un-
der continuous agitation for 1 hour. The beads were then pelleted and washed 5 times
in ImL of sterile phosphate buffered saline (PBS) and the beads finally resuspended in
3mL sterile PBS.
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