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SUMMARY

Over the past three decades in cellular neuroscience there has been a
shift towards the view of the “tripartite synapse”, where, astrocytes —
as well as the pre-synapse and post-synapse — are involved in synap-
tic signalling. The migration of astrocytes to form branched networks
in the brain is, therefore, of great interest in understanding brain de-
velopment and neuronal function.

Migration is a complex interplay between cytoskeletal reorganisa-
tion and cell mechanical stiffness. In order to improve understanding
of this process, correlative measurements of cytoskeletal organisation
and mechanical stiffness are required. To investigate astrocyte migra-
tion a technique combining atomic force microscopy (AFM) with stim-
ulated emission depletion (STED) microscopy was developed.

First a custom STED microscope was developed. To facilitate the
design of this system the theoretical performance of a range of STED
techniques (cw-STED, time-gated STED, pulsed STED and RESOLFT)
were compared, identifying that pulsed STED theoretically has the
highest photon efficiency. A pulsed STED microscope, which uses
adaptive optics, was then designed, developed and characterised. The
microscope was found to achieve resolutions below 50 nm.

The STED microscope was combined with a commercial AFM to
study live cells. Using the recently developed SiR-actin and SiR-tubulin
dyes and AFM probes optimised for live cell mechanical property
studies, images of the actin and tubulin cytoskeleton were correlated
with AFM topography and mechanical stiffness measurements. It
was found that, in astrocytes, actin contributes significantly both to
astrocyte stiffness and topography. Investigations of migrating cells
showed differences in actin organisation and mechanical stiffness be-
tween the basis and leading edge of migration. A further study was
performed, investigating the effects of the gap-junction protein con-
nexin3o, which is expressed during the early stages of brain devel-
opment, on migration. This protein was found to inhibit the actin
reorganisation and mechanical stiffness changes observed in basal
conditions.

Overall the combination of mechanosensitive AFM measurements
with advanced microscopy, such as super-resolution, on live cells is
a promising approach which will enable a range of investigations,
for instance when studying cell structural remodeling during brain
development or tumorigenesis.
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INTRODUCTION

1.1 INTRODUCTION
1.1.1  Aims

In this thesis, the contribution of the actin and tubulin cytoskeletal
elements to the process of astrocyte polarised migration was investi-
gated. In particular, the combined changes in the mechanical stiffness
of migrating astroglial cells through the combination of atomic force
microscopy (AFM, stiffness measurements) and stimulated emission
depletion (STED) super-resolution imaging (cytoskeletal imaging) was
studied. To achieve this, a custom STED microscope was developed
for live cell imaging and combined with a commercial AFM.

1.1.2 Motivation

The brain is comprised of two main cell types, neurons and glial cells.
Although glia are at least as numerous in the human brain as neu-
rons [1, 2], historically neurons have been considered to be the main
functional element in the brain. Glia were thought to be mainly struc-
tural and supportive elements [3].

Over the past three decades there has been a shift in this view
as glial cells were found to express neurotransmitter receptors and
respond to glutamate exposure. In particular, astroglia (commonly
referred to as astrocytes), the most abundant cell type in the cen-
tral nervous system (CNS), have been found to regulate ionic home-
ostasis, to regulate neurotransmitter levels in the extracellular space,
and to release neuroactive molecules [3]. These findings led to the
proposal of the “tripartite synapse”, where, astrocytes — as well as
the pre-synapse and post-synapse — are involved in synaptic physi-
ology, processing synaptic information and regulating synaptic trans-
mission [4].

The astrocyte sub-compartment that contributes to a single synapse
is referred to as a perisynaptic astroglial process (PAP). Just as changes
in the morphology of the post-synapse (dendritic spines) correspond
to function [5], the morphology of PAPs has been found to regulate
synaptic strength [6].

On a larger scale, the migration of whole astrocytes to their final
destination in the CNS, the formation of multiple branches in mature
astrocytes, and the formation of PAPs are important in brain develop-
ment and neuronal function [7].
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Cell motility and changes of shape can be driven by the cytoskeletal
elements (actin and tubulin) [8] as well as cell mechanical stiffness [9],
and are likely a complex interplay between both. Correlative measure-
ments of cytoskeletal organisation and the modulus of the astrocytes
will allow a greater insight into the migration process.

This requires the combination of a mechanosensitive imaging tech-
nique with an imaging method that can specifically identify the cy-
toskeletal elements in cells. Mechanical property measurements should
be on live, intact, cells to minimise perturbations of these properties
due to the fixing process. Individual cell mechanical properties can be
measured using a range of methods including optical tweezers [10]
and AFM [11]. AFM is well adapted to measuring the mechanical
properties of attached cells [12] and can be used to target subregions
of cells, but cannot be used to specifically identify sub-cellular ele-
ments such as actin or tubulin.

Fluorescence microscopy, on the other hand, is well adapted to
specifically identifying proteins in cells but does not typically provide
mechanical information. Fluorescence techniques can be combined
with AFM to enable specific chemical identification, or sub-cellular
imaging, and mechanical property measurements on the same cells
[11]. Combined AFM and confocal microscopy have been used to cor-
relate images of specifically labelled actin with cell topography [13];
however, it was found in this study that the resolution in confocal
microscopy was insufficient to resolve small, dense bundles of actin
filaments.

Optical super-resolution microscopy is able to resolve the cytoskele-
tal network [14], but there have been limited reports of combination
with AFM, particularly for live cell imaging [15-18].

The previously developed scratch assay, which allows the study of
the migration of cultured astrocytes [19] is combined with the imag-
ing system developed in this work and used to investigate the ef-
fects of the gap-junction protein connexin3o, which is expressed in
mice from postnatal day 16 and is thought to be involved in synaptic
pruning and synaptogenesis, on astrocyte mechanical properties and
cytoskeletal organisation during migration. Notably, connexin3o has
recently been found both to reduce astrocyte migration [20] — likely
during late stages of brain development — and to regulate synaptic
function in the adult brain [6]. Connexin3o also colocalises with the
actin cytoskeleton [21].

In astrocyte cultures synaptic connections do not form, therefore to
investigate the full effects of connexin3o it will be necessary to image
in tissue slices. Although the focus will be on live cell imaging in
culture, this must be considered as part of the microscope design.

In the context of this work, the AFM should be combined with a
technique that has high resolution and is live cell compatible. It is also
preferred that the system be compatible with imaging tissue cultures.
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Stimulated emission depletion [22] is a super-resolution microscopy
approach that can can achieve resolutions below 50 nm [23]. As a
confocal-like technique, STED is well adapted to imaging in thick
samples, such as tissue cultures. This technique also has relatively
fast imaging times and is not significantly affected by the motion of
live cells during acquisition.

There have been previous reports of STED microscopy combined
with AFM; however, these have generally been limited to proof of con-
cept work [17, 24—26], in vitro studies [27, 28] or fixed cell studies [17,
24]. This is due to a combination of the challenges associated with
live cell AFM imaging (due to long acquisition times and the stiff-
ness of probes [29]) and live cell STED imaging (due to limited live
cell compatible dyes with good photophysical properties for STED, as
well as the high intensities and photon doses required for high resolu-
tion STED). Furthermore, it has only been in the past 3—4 years that a
wide range of commercial STED microscopes have become available
— particularly the high resolution pulsed STED variant.

This work combines recent advances in AFM techniques and probe
technologies with recently developed STED dyes for live cell imag-
ing [30—33] to enable investigations of migrating astrocytes. To ensure
the highest resolution and full flexibility a custom microscope system
is developed based around the pulsed STED principle.

1.1.3  Structure of the thesis

As a commercial AFM system is used to the measurement of cell me-
chanical properties in this work, AFM technology will be introduced
in the following chapter. First an introduction to the operating princi-
ple of AFM is presented focusing on the measurement of mechanical
properties. In particular, the challenges associated with live cell AFM
imaging are discussed. This is followed by an overview of correlative
AFM and optical microscopy focusing on some of the opportunities
and operational challenges associated with this. A particular focus is
on the current state of the art in correlative AFM on live cells and also
combinations with super-resolution microscopy.

Another key focus is the development of a high resolution STED
microscope for live-cell imaging and combination with AFM. In or-
der to do this an understanding of the physical principle of STED, as
well as the key limitation of STED resolution and applications. Chap-
ter 3 presents an introduction to STED and, the similar, RESOLFT
technique. Challenges such as the optimisation of the spatial shape of
the beams and photobleaching are treated in detail.

Building upon this, a range of STED modalities [34—-37] as well as
the similar RESOLFT (or reversible saturable optical fluorescence tran-
sition) technique [38], are considered in detail in chapter 4. In order
to select between these, a theoretical comparison of the intensity and
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photon dose required for a given resolution is presented. This builds
upon previous work [37, 39] by deriving an equivalent expression for
RESOLFT and calculating the photon efficiency to better allow com-
parison accross all techniques.

From this discussion it is decided that a pulsed STED system gives
a theoretically optimal performance and a pulsed STED microscope
is developed and characterised in chapter 5.

Following on from the testing of the microscope it is combined
with an AFM and live cell stiffness measurements are performed
on migrating and confluent astrocytes, which are correlated with
the mechanical stiffness. In the first instance it is verified that stiff-
ness changes in astrocytes can be measured by AFM and which cy-
toskeletal elements contribute to astrocyte stiffness, by using drug
treatments to selectively depolymerise action and tubulin. Following
on from this, the changes in mechanical properties of migrating cells
are investigated. Finally, the effects of connexin3o on the cytoskeleton
and mechanical stiffness in basal conditions and during migration are
investigated. A key advantage of this system is that two distinct sub-
compartments of the same migrating cell can be individually identi-
fied and investigated.

STED microscopy was an entirely new technology to the lab and
there was little experience of this technique in the lab at the start
of this work. As a result of the work in this thesis a range of new
research projects were made possible. Two of these are discussed in
chapter 7. First it is then shown that the STED microscope can be ap-
plied both to in vitro studies of amyloid proteins and to performing
studies on astrocytes in tissue samples by identifying the subcellu-
lar location of connexin3o in astrocytes in tissue. Finally some future
modifications of the STED microscope and future work combining
AFM mechanical property measurements with other advanced mi-
croscopies are proposed.



INTRODUCTION TO CORRELATIVE AFM AND
OPTICAL MICROSCOPY

2.1 AFM AND MECHANICAL PROPERTY MEASUREMENTS
2.1.1  Atomic force microscopy

AFM belongs to the scanning probe microscopy family of techniques.
These techniques are typically used to map the height of a sample.

In AFM the sample is imaged by scanning a nanoscale probe over
the surface of the sample. The probe senses the separation between
its tip and the sample by measuring the interation force (of the order
pN-nN).

An AFM probe comprises a nanoscale tip mounted on a cantilever.
A range of probes are available with various tip sizes and cantilever
stiffness, chosen depending upon the sample and target resolution.
AFM can be adapted to image stiff structures — for instance in materi-
als science [40] — or softer biological structures [12, 41] by choosing a
probe with an appropriate tip radius and cantilever stiffness. In gen-
eral, cantilevers with a high spring constant are preferred for imaging
samples with a high stiffness and a lower spring constant is preferred
for low stiffness samples.

As the tip of the probe approaches the sample, the probe is repelled
by the interaction force between the tip and the sample causing the
cantilever to bend. To measure the bending of the probe, a laser is
reflected off the tip of the probe onto a photodiode with four quad-
rants. As the cantilever bends the beam is deflected and the change
in deflection is measured by the detector.

A pseudocolour image of the height of the sample, or other me-
chanical properties, is mapped by raster scanning the probe over
the sample and measuring the interaction force. Unlike optical mi-
croscopy, AFM imaging is a near field technique and the resolution is
not limited by optical diffraction. The fundamental lateral resolution
of AFM is instead limited by the size of the tip and can be of the order
1 nm allowing the visualisation of the double helix of DNA [41, 42],
and the structure of silicon [43, 44] and graphite [45]. Unlike other
scanning probe techniques, AFM does not require a vacuum and can
be performed in ambient conditions or in fluids including solvents,
buffers and cell culture media [15].
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2.1.2 Force—distance interaction

AFM imaging modes are best understood in the context of the force-
distance interaction between the cantilever mounted probe and the
sample. These forces are treated in detail by Cappella et al. [46]. A
combination of attractive forces (such as van der Waals interaction)
and repulsive forces (such as short range Coulombic interactions) con-
tribute to the net force on the AFM probe. The cantilever bends as a
result of these forces as shown in figure 1. A theoretical plot of the
force on the probe as a function of tip-sample distance is shown in

figure 2.
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(a) Zero line (b) non-contact

(c) Contact region (force = 0)(d) Contact region (force =
setpoint)

Figure 1: AFM approach and imaging. Solid lines represent the sample. 1a
A tip far from the sample experiences a negligible force and is
in a neutral position. 1b The cantilever is lowered such that the
tip-sample distance decreases. The tip experiences a net attractive
force towards the sample. 1c The tip is in the contact region of the
sample. 1d The tip is in the contact region and experiences a net
repulsive force and deflects away from the sample.

In general, when the tip—sample distances are large the interatomic
forces are small between the tip and the sample. This establishes the
zero line (ZL) shown in figures 1a and 2 [46, 47]. As the tip—sample
distance decreases the attractive forces increase. The range in which
attractive forces dominate the interaction is the non-contact region
(figures 1b and 2). As the atoms in the tip and sample become closer
together their electron clouds begin to repel each other electrostati-
cally. This causes a repulsive force — reducing the net attractive force
between the tip and sample. This region of the force-distance curve is
the contact region [46, 47]. For small tip—sample separation, typically
angstroms, the net interaction force becomes zero — this is shown in
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Figure 2: Theoretical plot of a force—distance curve in AFM. A combination
of attractive and repulsive forces contribute to the force curve. The
force curve can be divided into 3 main regions. The contact region
(distance < CR) is where the tip is approximated as being in contact
with the sample and there is a net repulsive force between the tip
and sample. The non-contact region (NC < distance < ZL) contains
the “jump to contact” and “jump from contact” point. The zero line
(distance > ZL) is where the tip is far from the sample. A typical set
point (SP) and corresponding tip—sample distance distance (CM) is
shown for contact mode AFM imaging.

figure 1c and represented as CR in figure 2. The repulsive force be-
tween the samples then increases with deceasing separation.

For AFM imaging, the deflection of the probe is typically measured
by reflecting a laser off the back of the probe with changes in angle
detected on a four quadrant detector. AFM maps are formed by raster
scanning the tip over the sample and measuring the interaction force
at different positions [47]. Different methods can be used to estimate
the height of the sample from the tip—sample interaction. These meth-
ods differ in which parts of the force-distance curve is used. The
most common AFM modes in biological AFM are contact mode, tap-
ping mode and peak force mode [41, 47—49] and are discussed in this
section.

2.1.3 AFM imaging modes

Contact mode

In contact mode AFM [50] the probe is within the contact region of the
force—distance curve. The probe experiences a repulsive force from
the sample which is detected as a cantilever deflection. The height of
the sample is mapped by raster scanning the sample with respect to
the probe and measuring the interaction force between the tip and the

7
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sample or — more commonly — the height of the probe necessary to
maintain a constant force. In constant force scanning mode a z-piezo
is used to adjust the sample height to maintain a constant force. The
change in height required to maintain this force is the height for each
AFM pixel [47].

Although this mode has been used for imaging both amyloid fib-
rils [51] or proteins on cell membranes [52] a major challenge in con-
tact mode AFM is the relatively high force exerted by the probe on
the sample, which may deform samples [47, 53]. In particular shear
forces between the tip and sample may push or pull the sample dur-
ing scanning leading to the sample being moved or deformed. The
sample may also be compressed due the high forces used during

imaging [41, 47]

Tapping mode

Tapping mode reduces the shear forces on the probe and sample by
minimising the tip—sample contact time. In tapping mode the can-
tilever is oscillated at close to its resonant frequency, with a typical
amplitude of 20-100 nm [47]. During scanning the tip-sample dis-
tance oscillates between the contact region and the zero line at a
frequency of 50-50 kHz. The amplitude of the tip oscillation is mea-
sured using the four quadrant detector. As the tip-sample distance
oscillates the tip has intermittent contact with the sample. Energy is
lost from the oscillation due to this contact leading to a reduction in
the amplitude of oscillation. The amplitude of oscillations is related
to the average tip—sample distance. Similar to contact mode, the sam-
ple is raster scanned and the change in height required to maintain
a constant amplitude is recorded and represented as a topographical
map of the sample.

In neuroscience this mode has been used to categorise different
morphologic structures of amyloid fibrils into twisted ribbons, heli-
cal ribbons, and nanotubes and to measure their periodicity [54]. In
the context of cell studies tapping mode with small cantilevers (corre-
sponding to faster force feedback [55] has been used to image bactrial
organelles [56].

In tapping mode the probe oscillates between the zero line and
contact region and therefore experiences a range of different force re-
sponses from the sample. However, only the average response is mea-
sured as a change in oscillation amplitude. Whilst the average force
allows the sample height to be measured with high resolution and
low average forces, this imaging mode does not allow other informa-
tion about the sample, related to the force curve, to be measured [48,

49].
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Force—volume imaging

In force volume imaging the entire force-distance curve is measured
by gradually approaching the sample with the tip and measuring
the cantilever deflection at each step [57]. Although the original im-
plementations of this imaging mode were relatively slow (approxi-
mately 10 force curves per second) [57], recent developments in the
field, such as peak force quantitative nanomechanics from Bruker [48],
have increased the imaging speed to up to 1000 force curves per sec-
ond. Forces are typically measured both during approach and retrac-
tion. An example force—distance curve is shown in figure 3.

[ [
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—— Retract
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Figure 3: Theoretical plot of a force-distance curve used in force-volume
imaging. Approach and retract curves used in force-volume imag-
ing. The probe approaches the sample until the interaction force
is equal to the user-defined peak force (PF). Mechanical properties
can be calculated from this such as the Young’s modulus which
is equivalent to the gradient of the curve in the contact region
(distance < dp). The adhesion force, between the tip and the sam-
ple, can be calculated from the difference between the minimum
force of the retract curve and the zero line. The deformation of the
sample — how much the tip indents the sample — is the distance be-
tween the start of the contact region (do, force = 0) and the distance
at the peak force (Def).

Fitting this curve allows mechanical properties — including adhe-
sion, Young’s modulus and the deformation of the sample — to be
calculated. A further advantage of force-volume imaging is that it al-
lows precise force control and automated feedback, such that forces
can be minimised on the sample in high resolution AFM imaging of
DNA [41, 42] or imaging of soft structures such as microvilli on live
cells [29].

In this thesis, a key aim is the measurement of mechanical prop-
erties of live cells. Force-volume imaging is the AFM imaging mode
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that allows this and is discussed in more detail in the following sec-
tion.

2.1.4 Measuring mechanical properties by force volume imaging

Deformation

The deformation parameter is the extent to which the sample changes
shape during interaction with the cantilver. It is measured based on
the approach curve and is the difference between the tip—sample dis-
tance where the interaction force is 0 (dop) and the tip—sample distance
where the force is at the setpoint value (SP). The set-point is defined
by the user, therefore this parameter changes based upon user set-
tings. The measured deformation includes both plastic and elastic
deformations.

For high resolution AFM topography imaging a minimal deforma-
tion is preferred as this reduces sample damage; therefore, lower peak
force setpoints are typically used in high resolution AFM imaging [41,
42]. In order to measure the mechanical properties by AFM, some de-
formation is required. The peak force set points must be sufficiently
high to deform the sample; however, excessive deformations can lead
to artifacts in mechanical property measurements because either the
tip can no longer be approximated as conical or spherical, or the sub-
strate contributes to the mechanical property image [57, 58].

Adhesion

The adhesion force is the minimum force in the retraction curve and
corresponds to the attractive force between the probe and the sam-
ple [57]. This can arise due to any attractive force between the tip and
the sample. Adhesion is of particular interest when using tips func-
tionalised to interact with the sample. Ganchev et al. [59] used gold
coated AFM tips to identify Cys residues corresponding to where
-sheet of an amyloid protein core starts. In live—cell studies, func-
tionalised tips have been used to locate and quanitfy virus binding
sites [12].

Young’s modulus

The Young’s modulus, or sample stiffness, can be estimated from the
measured force curve by fitting the approach or retract curve in the
contact region (d < do). This corresponds to the mechanical stiff-
ness that is investigated in this study. A range of models can be used
to estimate the modulus, a simple example is the Derjaguin-Muller-
Toporov (DMT) model where a spherical tip of radius R and low de-
formation (less than the tip diameter) are assumed [60]

4
F—Fadh=§E*\/R(d—do)3, (1)
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where Fqgn is the adhesion force between the tip and sample. The
constant of proportionality E* is the reduced modulus given by [58]
1 1— sz 1—v 52

B B Es @
where Ep s is the modulus of the tip and the sample, respectively,
and vp s is the Poisson ratio of the tip and the sample, respectively.
It is generally assumed in AFM modulus measurements that the tip
is much stiffer than the sample (Ep > Es) and undergoes negligible
deformation such that

ES ~ (] —VP)EP. (3)

Es is therefore estimated by fitting an appropriate force distance equa-
tion (such as equation 1) to measured force-distance curves. The DMT
model discussed above is one example of models used to estimate me-
chanical properties from nanoindentations. Other models, such as the
Hertz modulus, developed by Sneddon [61], can be used to estimate
the modulus in the case of conical tips or large indentations [62].

Stiffness measurements of live cells are becoming of increasing im-
portance. In particular AFM has been used to differentiate between
normal and cancerous cells [63] and to correlate actin cytoskeleton
density and strucure with mechanical stiffness in cancer and normal
cells in basal conditions [64, 65]. The work presented in this thesis
goes these reports by allowing AFM imaging to be correlated with
super-resolution microscopy images.

2.2 CORRELATIVE AFM AND OPTICAL MICROSCOPY

AFM is a higher resolution technique than most optical microscopy
techniques and, using force-volume measurements, allows measure-
ments of sample stiffness and adhesion, which cannot be measured
optically. AFM can be complemented by optical microscopy in many
ways. This can include using the faster imaging speed of an optical
microscope to quickly screen a sample and select regions of interest
for high resolution AFM imaging [15, 66] or combining chemical iden-
tification — from fluorescent labelling of the sample — with high reso-
lution AFM imaging to correlate structure with chemical species [67].
Correlating AFM with fluorescent labelling is particularly advanta-
geous in live cell studies where cells which have been treated (for
instance genetically encoded with a fluorescent protein) can be iden-
tified against a non-transfected population. This has been used in
studies of changes in cells upon viral transduction [12]

In this section, the instrumentation for correlative AFM and optical
microscopy is discussed. In particular the modifications required to
both an AFM and optical microscope for imaging to be performed
on the same platform and the calibration of both techniques so that
images can be directly combined.

11
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2.2.1 Instrumentation for correlative AFM and optical microscopy

Although it is possible to image a sample from above the AFM probe,
this is typically limited to long working distance, low numerical aper-
ture imaging systems. To incorporate AFM with an optical micro-
scope it is usually preferred to use an inverted optical microscope
and image from below the sample. Commercial AFMs have been de-
signed that can be mounted directly on an inverted optical micro-
scope, in place of the translation stage, as in figure 4.

AR

]

Figure 4: Schematic of a combined AFM and opitcal microscope. AFM can
be added to an inverted optical microscope in place of the transla-
tion stage. Generally a stiff stage is preferred for AFM but a hole
is necessary to allow access for the objective, reducing the support
for the sample. Optical microscopy also requires the sample to be
mounted on transparent coverglass, which has a greater roughness
than common AFM substrates such as mica.

Sample stage
Objective

For high resolution AFM imaging mica is generally used as a flat
substrate. Mica has poor optical properties as it has a low transmis-
sion and high birefringence and cannot usually be combined with
optical imaging as the sample must be mounted on a transparent
substrate, typically coverglass. Coverglass has a greater roughness
(0.5 nm) than mica (0.05 nm) [68] or other common AFM substrates.
This leads to an increased noise on height measurements in AFM. To
correlate optical images with high height precision AFM images some
groups use coverslips with a thin layer of mica glued to them [68—70].
The work presented in this thesis uses AFM imaging on cells, which
are rough relative to glass, so this is not required for this work.

AFM is generally performed on a stiff surface to minimise vertical
movement of the sample during imaging. However, for optical imag-
ing from below, sample stage must have a hole to allow access for
the objective, as in figure 4. To minimise vertical movement, the AFM
sample holder has a smaller hole than would be used on a conven-
tional sample holder for optical microscopy. Whilst this is beneficial
in AFM imaging it limits the areas which can be imaged on the sam-
ple, meaning care must be taken during sample preparation to ensure
that the sample is in the optical field of view.

A final instrumentation consideration when combining advanced
optical microscopes, particularly super-resolution microscopes, is that
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either the detectors or lasers used in these systems often require cool-
ing — using built in fans. These can cause noise in the AFM images
and should be decoupled from the AFM or, switched off during imag-
ing, or water cooling should be used.

AFM and optical images can be taken simultaneously or sequen-
tially. The choice between these two depends upon the type of AFM
used and the type of experiment being performed. In both simultane-
ous and sequential imaging light scattering off the AFM probe may
contribute to noise. In sequential imaging, it is usually best to with-
draw the tip from the sample and turn off the AFM laser to minimise
noise from the AFM.

During simultaneous AFM and fluorescence microscopy imaging,
near-field interactions between the tip and the fluorophore (includ-
ing tip-enhanced fluorescence or tip-induced quenching) [15, 71] may
change the the signal. In some studies tip—fluorophore interactions
are used to allow near-field fluorescence imaging [71].

2.2.2  Co-registration of AFM and optical images

Regardless of whether AFM and optical image are acquired simul-
taneously or sequentially optical images will usually have different
pixel size and orientation to AFM images. The scale in these images
may also differ due to different calibrations. These are represented in
figure 5. To allow images to be overlaid a transformation must be de-
fined between the optical and AFM images. Usually this is performed
within the AFM software. The tip or the sample is moved to three (or
more) known positions, by the software, and an optical image is taken
in each position. The difference between the position of the tip (or a
feature of the sample) is used to estimate the transformation between
the AFM and optical images.

The number of points used to define the transform limits the cor-
rection. Three points allow a rotation and rescale of the pixels in both
lateral dimensions. This assumes that only a linear transform is re-
quired. More points are required to account for field curvature [25].
Measuring this transform is referred to as coregistration throughout
this thesis. This transformation ensure the pixel size and orientation
of AFM and optical images is calibrated. It does not coalign the AFM
and optical images in space.

Coalignment can be achieved in imaging software by translating
the optical image with respect to the AFM image such that common
features to both images are coaligned. The features can either be in-
trinsic contrast in both images or a fiduciary marker that is present
in both images.

13
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(a) STED image (b) AFM image

Figure 5: Generalised schematic of optical and AFM coalignment. The op-
tical image has different orientation and pixel size to the AFM. To
allow these images to be overlaid, a transform must be identified.
The AFM software moves the sample (or tip) to three known po-
sitions (1, 2, 3) and optical images are taken. The change in the
position of the sample (or tip) in the optical image is used to esti-
mate the transformation.

2.2.3 Applications or correlative AFM and optical microscopy

Upon the design and implementation of a correlative optical and
AFM imaging system a range of new applications are enabled [15].
Of particular relevance to this thesis is imaging of live cells and AFM
combined with optical super-resolution. Developments in these fields
are discussed in this section.

2.2.4 Correlative AFM and optical microscopy to study live and fixed cells

An early example of correlative imaging investigated actin focal ad-
hesions with optics and AFM [72]. Optical contrast, from confocal
microscopy, was used to identify actin and paxillin and AFM was
used to image in high resolution. In this study, the cells were de-
roofed [73] to provide the AFM access to the cytoskeletal structure
within the cell. The AFM provided structural detail about the cy-
toskeleton which was not accessible with an optical approach and
allowed the quantification of the widths of actin filaments.

A recent example of correlative live-cell imaging that is relevant to
this thesis includes mechanical property measurements on live cells
that had been genetically modified to express viral binding sites, co-
expressed with fluorescent proteins [12]. Optical images identified
cells expressing a virus receptor and AFM probes, functionalised with
a virus, were used to perform adhesion measurements to identify
binding sites. Although the optical microscopy technique used in this
work is relatively simple it used a novel sample chamber to improve
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live cell imaging. A heated stage was used to maintain cells at 37 °C.
Unlike previous work a chamber with a sliding glass ceiling, with
access for the AFM probe, was used. This allowed carbon dioxide
to be added to the air above the sample maintaining the correct en-
vironment for the cells. Evaporation of cell culture medium was also
minimised by the presence of this ceiling. Both of these improvements
allowed longer term live cell imaging.

An example that required more advanced optical imaging was cor-
relating the actin cytoskeletal structure through confocal imaging of
labelled actin with topography images from AFM [13]. These images
revealed a good correlation between actin and the cell topography
but, interestingly, not all filaments observed in the AFM images could
be observed in the optical image. The authors hypothesised that this
was because the smaller, dense, filament networks were below the op-
tical diffraction limit so could not be observed. This suggested a need
for optical super-resolution to be correlated with AFM in investiga-
tions of the actin cytoskeleton.

2.2.5 Correlative AFM and optical super-resolution microscopy

AFM has previously been correlated with the super-resolution tech-
niques STED [17, 24—26], dSTORM (direct stochastic optical recon-
struction microscopy) [18, 27, 28, 70] and PALM (Photoactivated lo-
calization microscopy) [18]. Each of these combinations have been
used for correlative imaging on either fixed or live cells.

In the first reported example of correlative STED and AFM, Harke
et al. [24] demonstrate correlative STED and AFM on fluorescent beads
and on fixed COSy cells where tubulin was fluorescently labelled.
Subsequently it was shown, by the same research group [17], that
both STED and dSTORM could be combined with AFM on fixed cells.
Both studies act as proof-of-concept work, demonstrating that super-
resolution cytoskeleton images can be combined with height and stiff-
ness measurements on fixed cells.

Building upon this AFM was used by Chacko et al. [25, 26] for
nanomanipulation of fluorescent beads and fixed cells. In these ex-
periments STED imaging was used as a reporter of responses to me-
chanical stimuli.

Live cell STED imaging is limited by the availability of STED dyes
which are compatible with live cell imaging. Recent advances in STED
labelling have led to organic dyes that are membrane permeable and
compatible with live cells [30—33]. Outside of the study presented in
this thesis, these dyes have not been reported in examples of correl-
ative STED and AFM, although Abberior Instruments have shared
related experiments on their website [74]

Live cell PALM has been correlated with AFM by Odermatt et
al. [18]. Fast AFM scans were used to investigate the cell membrane
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structure. These images were correlated with PALM images show-
ing focal adhesions. Using this technology, the authors were able to
demonstrate correlative time-lapse live-cell imaging.

Each of these reports of correlative super-resolution imaging and
optical microscopy on live or fixed cells have been limited to proof-
of-concept studies on cell lines. One reason for this is that both super-
resolution microscopy and AFM, particularly on live cells, require
complex systems and significant day-to-day alignment. In the follow-
ing chapters new technologies including AFM probes optimised for
live cell imaging [29] and to reduce the complexity of mechanical
property measurements [12], well as new live cell super-resolution
dyes [30-33] are used to facilitate routine, biologically relevant, stud-
ies combining optical super-resolution and AFM.



INTRODUCTION TO STED AND RESOLFT
MICROSCOPY

3.1 INTRODUCTION

In this chapter, the physical principles of STED and RESOLFT are
introduced. To place these techniques in context, a brief introduc-
tion to confocal microscopy is provided. The increase in resolution
in STED and RESOLFT, through the photoinduced saturation of non-
fluorescent states [23], is then discussed. The experimental require-
ments for STED and RESOLFT are then explained, focussing on the
generation of a spatially shaped depletion pattern and the photophys-
ical processes exploited to deplete fluorescence.

A major challenge in STED and RESOLFT is the high photon doses
required, which lead to phototoxicity and photobleaching. The pro-
cess of photobleaching and how this is effected by the STED or RES-
OLFT process is explained. This allows some advances in STED and
RESOLFT, designed to reduce [36, 38, 75—79] or mitigate [8o] photo-
bleaching to be placed in context.

3.1.1  Fluorescence microscopy

The photophysical process in a conventional fluorescence microscope,
such as a confocal microscope, is best described by Jablonski dia-
grams [81]. A simplified example is shown in figure 6. This represents
a typical fluorescence process in which a molecule in the ground state
is transferred to the first excited state ([Sg, Vo] — [S1, VNI, where Vy
represents the vibrational energy levels of the singlet states Sy1) by
the absorption of a photon of energy hvexc = hc/Aexc, where h
is Planck’s constant, c is the speed of light and Vvexe, Aexc are the
frequency and wavelength of excitation light, respectively. The rate
of excitation is proportional to the product oexclexc, Where oexc is
the absorption cross-section and Iex. is the intensity measured in
photons.cm 2.5~ 1.

The fluorophore loses energy through vibrational relaxation, trans-
ferring to the lowest energy level of the excited state ([S1, Vy]), then re-
laxes to the ground state (S — [Sp, VnI) by emitting another photon
of energy hvy¢, with wavelength Af;. The energy of the emitted pho-
ton is lower than that of the absorbed photon due to the energy loss
through vibrational relaxation. This corresponds to a longer wave-
length; the change in wavelength is referred to as the Stokes shift [81].

17
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Figure 6: Simple Jablonski diagram of fluorescence. Molecules are excited
from the ground state (Sp) to an excited state ([S1, VN]) through
the absorption of a photon of energy hvey.. Thermal and vibra-
tional transitions transfer the molecule to the lowest energy level
of the excited state (S1). The molecule then transfers to the lower
electronic energy level ([Sp, VN]). This process releases a photon
of energy hv¢. Sp and Sy represent the ground and and first ex-
cited singlet states, respectively. VN represent the vibrational en-
ergy states associated with Sy and S7. A molecule in the excited
state can also decay by a non-radiative transition. The rate of ex-
citation scales with the excitation intensity (Iexc) and absorption
cross section at the excitation wavelength (oexc). The rates of vi-
brational decay and fluorescence emission are given by k,ip and
Ket.

As the fluorescence emission is spectrally distinct from the exci-
tation, fluorescence emission can be separated from excitation using
bandpass filters (figure 7). Fluorescence is effectively detected against
a dark background making this a highly sensitive technique [81]. Fur-
thermore, fluorescent dyes can be conjugated specifically to a range
of targets, making this a technique that can be used to image targeted
biological structures (such as the cytoskeleton).

3.1.2  Confocal laser scanning microscopy

Confocal laser scanning microscopy is a powerful and widely used
technique in the life sciences [81] that allows 3D imaging of fluores-
cently labelled biological samples. A schematic of a confocal micro-
scope is shown in figure 8. In confocal microscopy an excitation laser
is focused on the sample by a microscope objective (with numerical
aperture, NA). Fluorescence emission is collected by the same objec-
tive and imaged onto a pinhole. The pinhole is used to reject out-of-
focus light, allowing axially resolved imaging. An image is formed
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Figure 7: Excitation and emission spectra of ATTO 647N dye and common
excitation and emission filters.

by scanning the focal volume with respect to the sample. Pixel grey
values are the fluorescence intensity detected at each position.

The resolution in confocal microscopy is limited by the size of the
focal spot. The full-width half-maximum (FWHM) radius (Ar) of the
focal spot produced by an objective with numerical aperture NA =
nsina focusing light of wavelength A is

A A
AT = nsina  2NA’ )
where n is the refractive index of the medium in which the objective
is working and « is the maximal half-angle of the light cone that can
exit the lens. For an oil immersion objective (n = 1.516), an objective
with NA = 1.4 and light of wavelength A = 640 nm the FWHM of
the focal spot would be 230 nm. This would not allow the resolution
of smaller features, such as the cytoskeletal elements investigated in
this work [13].
The STED and RESOLFT techniques are based upon confocal mi-
croscopy but allow higher resolution imaging, whilst retaining the
axial sectioning of confocal microscopy.

3.1.3 Resolution enhancement by STED and RESOLFT

In STED and RESOLFT microscopy the effective size of the spot scan-
ned over the sample is reduced. This is achieved by overlaying the
Gaussian focal spot of the excitation laser with a depletion laser,
which reduces the fluorescence emission by using a light-induced
transition to suppress fluorescence [23]. The depletion laser is spa-
tially shaped into an optical vortex beam, commonly referred to as
a doughnut beam [23], such that it has an intensity minimum at its
centre (coaligned with the maximum of the excitation laser) [82]. This
confines fluorescence emission to the centre of the focal spot and re-
duces the size of the effective focal spot from which fluorescence can
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Figure 8: Schematic of a confocal microscope. The excitation light is fo-
cused on the sample and the fluorescence intensity measured. The
fluorescence is focused onto a pinhole which is used to reject out-
of-focus light. An image is formed by scanning the focal volume
with respect to the sample. 8b represents image formation in con-
focal microscopy.

be emitted. The coaligned depletion and excitation beams are scanned
across the sample. This allows features that could not be separated in
a conventional confocal image to be resolved in STED or RESOLFT
(figure 9).

Like the excitation spot, the depletion patterns are also diffraction
limited. However, it is possible to achieve resolutions far beyond the
diffraction limit, and theoretically unbounded, by saturating the off-
switching transition.

A saturation intensity (Is) is defined as the depletion laser intensity
for which the fluorescence emission will be reduced by a factor of 1/e.
This is represented by the horizontal dashed line in figure 10a. The
separation between points at which the depletion intensity (Igept) is
equal to the saturation intensity (Igep1(r = vs) = Is), decreases for
increasing depletion power (P o I4,, where I, is the spatial average
of the depletion intensity). This corresponds to a saturation of the
depletion transition. Figure 10b shows suppression of a uniformly
fluorescent sample in response to a 1D vortex beam of increasing in-
tensity. The full-width half-maximum (FWHM) decreases for increas-
ing depletion intensity. This corresponds to a decrease in the area
from which fluorescence can be emitted, as represented in figure 10c
leading to improved resolution. The resolution enhancement in STED
and RESOLFT is more rigorously treated in chapter 4.
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(a) Diffraction lim- (b) Depletion (c) Effective  focal
ited excitation beam transfers spot
spot molecules to
dark state

(d) STED/RESOLFT scan of object (e) STED/RESOLFT image

Figure 9: Principle of STED- and RESOLFT-type microscopies. STED and

RESOLFT are point scanning techniques, similar to confocal mi-
croscopy. As well as of scanning with a diffraction-limited excita-
tion focal spot (9a), the beam is overlaid with a depletion laser (9b,
Adept — shown in red). This beam drives a depletion transition —
that is distinct from fluorescence. Therefore, fluorescence can be
assumed to originate from the centre of the focal spot — giving a
smaller effective focal spot size (9c). This reduces the effective size
of the spot scanned over the sample (9d) and therefore allows the
separation between small features to be resolved (9e). Green beads
are fluorescing and grey beads are not fluorescing or depleted. For
illustrative purposes, larger beads are shown in 9d, ge than in 9a,
gb.

Both the generation of a high resolution vortex beam and the pho-
tophysical principles used to deplete fluorescence are important in
STED and RESOLFT. In the following sections these are discussed in
more detail.

3.1.4 Depletion patterns in STED and RESOLFT

In STED and RESOLFT, resolution derives from the spatial shape and
intensity of the depletion beam. A range of depletion patterns have
been developed depending on whether imaging requires 1D, 2D, 3D
or isotropic resolution enhancement. The generation of these phase
patterns is discussed in this section.
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Figure 10: Diffraction-unlimited resolution in STED and RESOLFT. 10a
The intensity in the image plane of a vortex beam with increas-
ing average intensity (Iqy), proportional to the depletion power.
Although the profile of the vortex beam is diffraction-limited,
the distance between points (vertical dashed lines) at which the
depletion intensity exceeds the saturation intensity (Is, horizon-
tal dashed line) decreases as a function of increasing depletion
power. This corresponds to a non-linear suppression of fluores-
cence as a function of distance from the centre of the pattern. The
FWHM of the fluorescence suppression pattern (10b) decreases
as a function of depletion power. This corresponds to a decrease
in the area from which fluorescence is emitted as a function of
increasing intensity, as represented in 10c.
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3.1.4.1 Depletion phase patterns

In STED and RESOLFT, depletion patterns are typically generated by
imaging a phase pattern in the back aperture of the objective. A phase
pattern in the back aperture corresponds to an intensity distribution
at the focus. Different phase patterns can be used and some of these
are introduced here, based upon a detailed review by Keller et al. [82].

1D STED

A 1D depletion pattern can be efficiently generated [82] from a phase
mask where one half is 7 out of phase with the other half (11a). In the
focal plane, at the centre, rays from one half will be 7t out of phase
with the other half, leading to destructive interference. Constructive
interference occurs outside of the centre, due to the different path
lengths, generating a focus with an intensity minimum at the centre
and bright side lobes 11. Laterally the intensity scales with 12 about
the minimum.

(a) Phase mask (b) Intensity map (x,y) (c) Intensity map (x,z)

Figure 11: Phase mask and intensity distributions for 1D resolution en-
hancement in STED. 11a shows the phase mask which, if applied
to the depletion beam in the back aperture, will give the intensity
distributions shown in 11b and 11c in the focal plane. Simulated
by Dr. Pierre Mahou.

2D STED - simple

A simple extension of the 1D STED beam profile to 2D is achieved
by splitting the beam into quarters with a 7t phase shift between each
quarter (12a). In this case, similar interference takes place to in the
1D case, but in two orthogonal directions. This gives a central zero as
shown in figure 12, which can be used for resolution enhancement in
2D. As the intensity distribution is not radially symmetric, resolution
enhancement is not isotroptic in the lateral dimensions. Hereafter this
depletion pattern will be referred to as 2D-simple.

2D STED - helical

For an isotropic resolution enhancement in the lateral dimensions, a
helical phase mask is used. This can be thought of as the 1D phase
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n 0
0 b1
(a) Phase mask (b) Intensity map (x,y) (c) Intensity map (x,z)

Figure 12: Phase mask and intensity distributions for simple 2D resolu-
tion enhancement in STED. 12a shows the phase mask which, if
applied to the depletion beam in the back aperture, will give the
intensity distributions shown in 12b and 12c in the focal plane.
Simulated by Dr. Pierre Mahou.

mask being rotated to all angles. In this case half of each diagonal is
7 out of phase with its other half. This is shown in figure 13. This
gives an isotropic vortex beam (sometimes referred to as a doughnut
beam) in the focal plane. For the depletion patterns shown in figure 12
and 13 the intensity scales laterally with 12 close to the minimum.
Hereafter this depletion pattern will be referred to as 2D-helical.

3m/2 /2

Y

(a) Phase mask (b) Intensity map (x,y) (c) Intensity map (x,z)

Figure 13: Phase mask and intensity distributions for isotropic 2D resolu-
tion enhancement in STED. 11a shows the phase mask which, if
applied to the depletion beam in the back aperture, will give the
intensity distributions shown in 13b and 13c in the focal plane.
Simulated by Dr. Pierre Mahou.

3D STED — bottle

The helical phase mask generates an isotropic enhancement in lateral
resolution, but does not enhance the resolution axially, compared to
confocal microscopy. Axial resolution enhancement can be achieved
using the circular phase mask shown in figure 14. This has a phase
difference of 7w between the centre of the beam and the outside. At the
focus this will interfere destructively. Unlike the helical phase mask,
destructive interference occurs only near focus and the depletion pat-
tern has lobes above and below the focal plane which enhance axial
resolution.
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(a) Phase mask (b) Intensity map (x,y) (c) Intensity map (x,z)

Figure 14: Phase mask and intensity distributions for axial resolution en-
hancement in STED. 14a shows the phase mask, which if applied
to the depletion beam in the back aperture, will give the intensity
distributions shown in 14b and 14c in the focal plane. Simulated
by Dr. Pierre Mahou.

This beam profile is sometimes referred to as a bottle beam. Later-
ally the intensity scales with Tnorm . Therefore, the intensity around
the central minimum (rporm” < 1, where Thorm? is the normalised
lateral coordinate normalised with respect to the beamwaist [83-85]),
scales slower than in the case of the helical phase mask. This means
that laterally the resolution is not as high as in the helical phase mask
case for a given intensity. Hereafter this depletion pattern will be re-
ferred to as 3D-bottle.

Generally users prefer high lateral resolution. To achieve 3D STED
or RESOLFT with high lateral resolution the bottle beam can be su-
perimposed incoherently on a vortex beam, generated using the 2D-
helical mask [84]. This can result in challenging alignment [86] and
high photon doses on the sample as fluorescence suppression is re-
quired in beams.

Regardless of the phase mask used, a common requirement is a
high contrast between the low intensity minimum and the high in-
tensity lobes, as well as a steep gradient about the minimum. The
gradient and intensity at the minimum can be degraded by optical
aberrations and misalignment of the system [86, 87]

3.1.5 Effects that degrade STED/RESOLFT depletion patterns

Optical aberrations can be induced by the misalignment of the system
and by the sample [88]. Aberrations degrade the resolution in STED
and RESOLFT by reducing the sharpness of the depletion pattern [89].
Coma, astigmatism and spherical aberrations and their effects on the
sharpness of vortex and bottle beam depletion patterns are consid-
ered. Other effects that degrade the sharpness of a vortex beam in-
clude misalignment of the phase mask to the depletion beam [9o0] and
the incorrect polarisation of the depletion beam [91—93]. Although not
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directly related to the depletion pattern, the coalignment between ex-
citation and depletion is also crucial.

Coma

Coma is an optical aberration which arises due to rays arriving off-
axis in a lens. The effect of coma on a gaussian beam is to induce a
focal spot with a comet-like tail, as different parts of the beam focus
to different positions due to the change in the pupil.

For a 2D-helical phase mask, coma leads to an asymmetric deple-
tion pattern, with lower intensity in one half than the other. The posi-
tion of the intensity minimum is shifted [86].

For a 2D-helical phase pattern, theoretical data suggest that coma
does not increase the intensity at minimum of the depletion pattern,
but does decrease the intensity in one direction of the pattern [94].
This leads to asymmetric resolution enhancement.

The 3D-bottle beam is more affected by coma and there is an in-
crease in intensity at the minimum. Like the 2D-helical beam, the
position of the intensity minimum is shifted; however, it has recently
been shown [86] that this is in the opposite direction to the 2D-helical
beam. This means that particular care must be taken to minimise, or
correct for, coma in isotropic 3D STED and RESOLFT systems.

Astigmatism

Astigmatism is a similar aberration to coma and originates from rays
propagating in two perpendicular planes having different focii. For
a 2D-helical beam, the radial symmetry of the depletion pattern is
broken and the profile shows two high intensity lobes. Along one
axis, peaks become dimmer and further apart. Again this leads to an
asymmetric resolution enhancement [94].

Spherical aberrations

In microscopy, spherical aberrations commonly arise due to changes
in refractive index, for instance between immersion oil (refractive in-
dex 1.516) and cell culture medium (1.33). The effects of spherical
aberrations increase with depth in the sample, or further changes in
refractive index [95, 96]. For a 2D-helical beam, spherical aberrations
degrade the sharpness of the pattern, decreasing the gradient about
the centre of the focal spot, leading to a decrease in resolution. There-
fore spherical aberrations must be compensated for when imaging
live cells or in thick samples.

Alignment of phase mask

For isotropic resolution enhancement the depletion beam must be
centred on the phase mask. The profile of a 2D-helical beam or 3D-
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bottle beam in the focal plane appears similar for a misaligned phase
mask to that of coma, leading to similar effects on microscope resolu-
tion. When aligning a STED or RESOLFT microscope it is important
to use the 3D profile of the beam to differentiate between phase mask
misalignment and coma [9o0]. This problem is overcome simply by
translating the phase mask relative to the depletion beam. It may be
necessary to realign the depletion and excitation beams.

Coalignment of excitation and depletion beams

Excitation and depletion beams should be aligned such that the de-
pletion minimum is coaligned with the excitation maximum, in all
three dimensions. A lateral offset leads to a decrease in signal, while
an axial offset leads to a reduction in resolution in the excitation focal
plane.

Polarisation of depletion beam

As reported by Hao et al. [91], circular polarisation is required to
generate a radially symmetric depletion pattern, with an intensity
zero at the centre, for both a vortex beam and a bottle beam. In the
case of the vortex beam, the handedness of the circular polarisation
must match the handedness of the helical phase mask.

Importantly, in the focal plane, the depletion pattern for an eliptical
depletion beam resembles that of a depletion beam with astigmatism,
although axially this is not the case. Similar to differentiating between
coma and phase mask misalignment, the 3D profile of the beam must
be measured.

In order to generate the highest resolution STED images, all of the
above issues need to be corrected. Methods for generating depletion
patterns and correcting for aberrations are discussed next.

3.1.6 Instrumentation for generating and aligning depletion patterns and
correcting aberrations

In order to generate the depletion pattern, a phase controlling ele-
ment is introduced into the depletion beam path.

The simplest example is a phase plate [97], designed for either a 2D-
helical depletion pattern pattern or a 3D-bottle pattern. A schematic
of how this type of system might be incorporated is shown in fig-
ure 15. This mask must be aligned such that it is centred on the de-
pletion beam. The depletion beam must then be coaligned with the
excitation beam, such that the depletion minimum is centred on the
excitation maximum. In the event of mechanical or thermal drift, both
beams must be realigned.
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Figure 15: Schematic of the incorporation of a phase mask (or transmis-
sion SLM) in a STED or RESOLFT microscope. The phase mask
must be translated such that a radially symmetric vortex beam is
produced in the image plane. The excitation beam must then be
centred on this beam (for instance by adjusting the mirror and
dichroic mirror). Where an SLM is used, a linear phase ramp can
be displayed on the SLM to allow fine adjustment of the position
of the depletion beam in the image plane.
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To microscope Birefringent Depletion
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Figure 16: A birefringent phase mask which produces a vortex beam for
the depletion beam and gaussian beam for the excitation beam
simplifies alignment. Excitation and depletion lasers from a com-
mon source, such as a single mode fibre, are coaligned by de-
sign [98] — reducing the alignment steps involved.

To simplify the alignment of a STED microscope, a novel phase
plate was developed by Reuss et al. [98]. A birefringent element is
used, which causes the depletion beam to have opposite polarisations
in opposing quarters whilst leaving the excitation beam unchanged.
This gives rise to a depletion pattern similar to that used in the 2D
simple mask (figure 12). This system simplifies alignment if excita-
tion and depletion beams come from a common source, for instance
if both lasers are coupled into the same optical fibre [98] or a super-
continuum source is used [99]. This phase mask can only produced
the 2D-simple pattern and so does not give isotropic resolution en-
hancement (2D-helical is required for this). A schematic of how the
phase plate is incorporated into a microscope system is shown in fig-
ure 16.

Both phase plates previously described are passive elements. Whilst
the centring and positioning of the phase mask can be optimised
by steering the excitation or depletion beam, these systems cannot
correct for aberrations. An alternative is to use an active phase con-
trolling element, which can generate a depletion pattern and correct
aberrations, such as a spatial light modulator (SLM) [89]. An SLM is
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a pixelated optical element, with which the phase of light propagat-
ing through each pixel can be controlled electronically. The user can
display any phase pattern on the SLM, corresponding to any phase
mask discussed in section 3.1.4.1. The phase pattern displayed on the
SLM can also be used to change the position of the depletion beam
in the image plane and correct for aberrations [88].

The phase pattern on an SLM is specific to the wavelength being
used and is only compatible with linearly polarised light. An indepen-
dent SLM would be required to correct aberrations of an excitation
beam. Aberrations in fluorescence emission cannot be corrected for
using an SLM due to the polarisation dependence. Recently devel-
oped STED microscopes [100, 101] use an SLM to generate the vortex
beam and a deformable mirror, in a common optical path, to correct
for aberrations in the depletion, excitation and emission channels, as
shown in figure 17. A major advantage of using this system is that
preliminary aberration correction can be performed in situ by opti-
mising the intensity of a confocal image, which is simpler than au-
tomated approaches for in situ aberration correction of the depletion
beam only [100].

To microscope  Emission Excitation
10t |=
Deformab& / / H =
mirror Depletion

Dichroic Combine Phase mask

Figure 17: Schematic of STED with dual adaptive elements. A phase mask
is used to spatially shape the depletion beam in the image plane.
This is combined with an excitation beam. A deformable mirror
that is common to both beams (and the fluorescence emission)
corrects for aberrations. An SLM is typically used as the phase
mask as this allows control of the depletion beam’s 3D position
and fine control of aberrations on the depletion beam [100].

This approach, with dual adaptive elements, is expensive and be-
yond the reach of most labs. In this project, where large numbers of
images and imaging in thick samples are required, a single SLM is
used for generating a vortex beam, correcting for aberrations on the
depletion beam and simplifying day-to-day alignment.

3.1.7 Fluorescence depletion
Having generated a depletion pattern, it is important to consider the

photophysical methods that can be used to induce off-switching of
fluorophores. The established methods for this are stimulated emis-
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sion depletion (STED) and the use of reversible photoswitchers (RES-
OLFT). These are discussed in more detail in the following sections.

3.1.8 Stimulated emission depletion

Stimulated emission depletion (STED) microscopy is one of the oldest
far-field super-resolution microscopy techniques, and was first pro-
posed in 1994 by Hell et al. [22]. STED uses the light driven process
of stimulated emission to deplete fluorescence.

Stimulated emission is a light-driven process in which a molecule
in an excited state will interact with a photon and transfer to a lower
energy level. This process creates a new photon that is identical to
the incident photon in phase, frequency, polarisation and direction of
travel. This is shown for a two-level molecule in the higher energy
state B in figure 18. The probability of interaction with a photon is
defined by the stimulated emission cross-section 0gep1(A), commonly

defined in units of cm 2.
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Figure 18: The process of stimulated emission. A molecule in the energy
state B transfers to state A when interacting with a photon of
energy hvgept = AEg ;A = Ep — EA. In this process a photon is
emitted with the same energy, polarisation, direction and phase
as the incident photon. The rate of this process is related to the
stimulated emission cross-section and the intensity of photons.

Stimulated emission depletion microscopy takes advantage of both
the Stokes shift and the broad emission spectrum of a fluorescent dye.
This allows stimulated emission to be driven at a different wavelength
to excitation and for stimulated emission to be spectrally separated
from fluorescence emission. In figure 19 examples of the excitation,
emission and depletion wavelength are overlaid on the spectrum of
the common STED dye ATTO 647N [102, 103]. A modified Jablonski
diagram (based upon figure 6) is shown in figure 20 for stimulated
emission driven at Agept.

For resolution enhancement the rate of stimulated emission in the
depletion region (figure 20b) must be greater than the rate of spon-
taneous (fluorescence) emission (k). This corresponds to an average
depletion intensity intensity 3-4 orders of magnitude greater than
excitation intensities used in conventional confocal microscopy [23,
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Excitation and depletion wavelengths used in STED mi-
croscopy of ATTO 647N dye. The depletion wavelength (Agept)
is chosen to be within the emission spectrum of the dye but far
from the emission maximum. This minimises excitation from the
depletion beam and allows spectral separation of spontaneous
and stimulated emission [102, 103].
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Jablonski diagram of stimulated emission depletion. Molecules
excited from the ground state ([Sp]) to an excited state ([S1, Vn])
decay via thermal and vibrational transitions to the [Sy, Vy] en-
ergy level. From this state molecules decay either by spontaneous
emission (fluorescence, rate k) or by stimulated emission (in-
duced by a depletion laser, rate 0gepilgept)- The rate of stimu-
lated emission can be increased by increasing the intensity of the
depletion laser. The depletion laser is shaped into an annular ring
(red in 20b). The intensity is set such that stimulated emission
dominates in the depletion region and fluorescence dominates in
centre. The size of the fluorescence region decreases for increas-
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83], which can lead to photodamage and increase photobleaching. As
shown in figure 10 (and derived in chapter 4) further increases in
depletion intensity are required to achieve higher resolution. Aiming
to reduce the high intensity required for STED, whilst retaining the
advantages, Hofmann et al. [38] proposed the RESOLFT technique,
which achieves STED-like resolution at confocal excitation intensities.

3.1.9 Reversible photoswitching fluorescent proteins (used in RESOLFT)

RESOLFT microscopy is based upon the STED principle but uses fluo-
rophores that can be photoswitched by photoisomerisation between a
fluorescent on-state and a non-fluorescent off-state [38]. A schematic
of the transitions of a reversibly photoswitchable fluorescent protein
showing the relevant transitions is presented in figure 21. Intermedi-
ate states are not shown [104].
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Figure 21: Transitions in RESOLFT microscopy. The fluorophores exist in
a non-fluorescent isomer off-state. Activation by light at energy
hvgcet can lead to photoswitching to an isomer on-state at a
rate ksw. In the on-state, excitation at hveyxc to S‘fis can lead
to either fluorescence emission (rate k¢;) or photoswitching to
the non-fluorescent state (rate ks.,). Only relevant transitions are
shown [104]

A common fluorophore in RESOLFT is rsEGFP [105]. rsEGFP is
initially in an off-state (trans isomer) and can be converted to the on-
state (cis isomer) through absorption of a photon at the activations
wavelength (Aqct = 405 nm for rsEGFP. In the on-state the fluorophore
can absorb light at the excitation wavelength (Aexc = 480491 nm is
typically used for rsEGFP). In the excited state (S$'*) the molecule can
either fluoresce (rate k) or switch back to the off-state (rate ks,,,). For
RESOLFT imaging a molecule in the off-state is first photoactivated
with a Gaussian beam at Aqc¢. It is then depleted by illumination with
a vortex shaped beam at the excitation wavelength. Fluorophores re-
maining in the on-state are confined to a sub-diffraction limit volume.
The on-state is then read out by a gaussian shaped read-out beam
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(again at the excitation wavelength). The sequence and a timeline is
shown in figure 22.

Stage 1l Stage 2 Stage 3
Photoactivation 405 nm Depletion 488 nm Read out 488 nm

/E(;ection

(a) RESOLFT cycle

Pixeln :Pixel n+1
Activation (gaussian beam) JJjj || \

Depletion (vortex beam) [l ; [ ( t
Read out (gaussian beam)

B
Detection . ._)

(b) RESOLFT timeline

Figure 22: RESOLFT imaging. A gaussian beam is used to photoactivate
the fluorophores in a diffraction-limited volume. A vortex beam
at the excitation wavelength depletes the fluorescence outside of
the centre of the volume. Fluorescence is read out with a gaussian
beam at the excitation wavelength. Detection occurs only during
the read-out phase.

Compared to the fluorescence lifetime, the on isomer state is long-
lived, meaning that the intensity required to saturate the off-state
before reading out the fluorescence signal is lower than that required
in STED microscopy. The RESOLFT depletion intensity can be com-
parable to intensities used in confocal microscopy [38, 105-107].

It is important to note that, in spite of the lower intensity require-
ment, the same number of fluorophores must be depleted in STED
and RESOLFT to saturate the depletion channel. Therefore, RESOLFT
typically has a long depletion stage (0.1—10 ms), at low intensities, in
order to have sufficient depletion events. This leads to longer acqui-
sition times and a larger photon dose on the sample than in confocal
microscopy. The total number of depletion photons needed in STED
and RESOLFT is compared in chapter 4.

3.1.10 Fluorescent labelling for live cell STED and RESOLFT

The main aim of this thesis is to apply STED or RESOLFT (with AFM)
to imaging live cells. It is therefore required that sub-cellular features
of living cells can be fluorescently labelled.
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In STED, although stimulated emission can be driven on any flu-
orophore, only a limited subset of fluorophores have been found to
perform well in STED [108-110]. Generally a fluorophore should have
a long fluorescence lifetime, high quantum yield, large stokes shift
and low photobleaching. Organic dyes are more likely to have these
properties than fusion proteins but organic dyes are more difficult
to introduce into live cells and to specifically target sub-cellular com-
ponents [111]. On the other hand fusion proteins can be genetically
coexpressed in live-cells with specific targets but few fluorescent pro-
teins have been reported for STED imaging [109]. In the context of
this work the lack of fluorescent proteins for STED may be mitigated
by recently developed dyes that selectively target the cytoskeleton of
live-cells [31].

In contrast to STED, RESOLFT has only been reported for imaging
a limited range of fluorescent proteins. This is due to the requirement
that fluorophores be reversibly photoswitchable. The most commonly
used reversibly photoswitchable fluorescent proteins are rsEGFP [38],
and rsEGFP2 [106]. rsEGFP2 has a higher rate of photoswitching ks,
and can therefore be depleted in a shorter time. Other fluorescent
proteins for RESOLFT have been developed including a red variant
for two colour imaging (rsCherryRev1.4) [112] and the highly photo-
stable GMars-Q for long term imaging [113].

3.2 PHOTOBLEACHING
3.2.1  General discussion of photobleaching

In the previous descriptions of confocal, STED and RESOLFT mi-
croscopy only, radiative transitions between the Sp and S; energy
levels were considered. For simplicity, the process of photobleaching
was not discussed.

Photobleaching is an irreversible chemical degradation of a fluo-
rophore into a non-fluorescent species [114-117]. Photobleaching oc-
curs from excited states where molecules have more energy and a
greater probability of reacting with their surrounding. In one reaction
mechanism molecules molecules in an excited state form a cation—
electron pair (M*e™, quantum yield ¢ion). The cation—electron pair
can either recombine or undergo an escape reaction forming a free
radical cation and a solvated electron (quantum yield ¢so1v). A free
radical cation is chemically unstable in a polar solvent and reacts
forming a molecule that is no longer fluorescent. The quantum yields
Gion and ¢so1y increase for higher energy levels. It is therefore im-
portant to consider energy levels beyond Si; some of these energy
levels and associated transitions are shown in figure 23 [116].

From the S; state, as well as decaying radiatively to the Sy state
(rate k¢1) or undergoing photobleaching (rate Bs,), molecules can be
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Figure 23: Jablonski diagram showing photobleaching in confocal mi-
croscopy. Molecules in higher energy states (S1, Sn, T1, Ty) have
more energy than those in the ground state and are therefore
more reactive. Molecules in the excited states have a probability
of reacting (Bs,, Bt,, Bsy, Bty) with other molecules in their
environment and becoming non-fluorescent (photobleached). A
molecule in the excited singlet state S; can be excited by the
absorption of a photon to higher energy singlet states (Sn).
Molecules in the Sy state are more reactive than those in the
S1 state and have a greater chance of reacting. A further pho-
tobleaching mechanism involves a molecule in the singlet state
transferring to the triplet state (T7) through intersystem crossing
(rate k1sc). This state is highly reactive with triplet oxygen and
is longer lived than the singlet state (kpn < k). This increases
the time in which the molecule can react with another molecule
or be excited to a more reactive state (Ty). Rates of excitation to
higher states are described by the absorption cross section at the
excitation wavelength o§XF and the excitation intensity Iexc. The
rates of decay from the excited states Sy and Ty are Ks, s, and

KTy

excited to higher energy states by the absorption of a photon. Higher
energy singlet states are denoted Sy . These more energetic states have
greater energy and, therefore, greater ionisation and solvation quan-
tum yields (¢ion and ¢sotv). If @ molecule is in a higher energy state,
the probability of photobleaching is increased. Notably the probabil-
ity of being excited from S; to Sn grate of decay Ks, s, ) is dependent
on the intensity of the excitation laser (G§’1‘§N Iexe ~ 10 s~7, for inten-
sities typically used in confocal microscopy), which is low relative to
the rate of fluorescence emission (k¢ ~107 s7).

Another important transition is intersystem crossing (rate kisc ~
105-10° s~' [116, 118]) from the singlet to the triplet state. From the
first triplet state (T7) a molecule can transition to a higher energy state
(Tn, rate of decay Kt T,) or decay to the ground state (Sp) through
phosphorescence. The rate of phosphorescence (kyn ~10° s~ ') is much
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lower than the rate of fluorescence emission, corresponding to the
triplet state being longer lived than the singlet state. The rate of phos-
phorescence is also comparable to the rate of light-induced excitation
to Tn (G%?%N Iexe ~ 10° s71). Therefore, transitions to higher energy
states and photobleaching from the triplet state become more likely.
Overall, the probability of a molecule being photobleached depends
upon the energy state it is in. Throughout this discussion the overall
probability that a molecule not in the ground state will be photo-
bleached is Pg. The rate of photobleaching (rg) is the product of the
probability of photobleaching and the rate of excitation (rexc).

TB = PB X Texc. (5)

Photobleaching imposes an upper limit on the amount of fluores-
cence that can be detected. The total amount of fluorescence signal
available from a fluorophore is proportional to the number of times
it can be excited to S before the population has been reduced by 1/e
by photobleaching. This will be referred to throughout this thesis as
Ne¢ye, where

Loy, ©

and is calculated for confocal, STED and RESOLFT microscopy.

3.2.2  Photobleaching in confocal microscopy

For a continuous wave confocal microscopy system the probability of
photobleaching was calculated by Eggeling et al. [116, 117] as

exc exc k
Kisc Os15n Oy Ty <ISC
Bs, + Toon BT, Rsns, Bs, + Koo, ph BTn
PB - - 5 + Iexc- (7)
ke ke

Notably, the probability of photobleaching scales linearly with the
excitation intensity.

Some of the constants in equation 7 can vary significantly between
fluorophores and experimental conditions. For instance, the rate of
phosphorescence can range from 10° s~! (Oregon Green in the ab-
sence of oxygen [78, 119]), to 10° s~! (Rhodamine 6G [116], ATTO
532 [78, 120]). Similarly, excited state absorption cross-sections (os, s,
0T,Ty) can vary significantly between fluorophores and can lead to
large differences in photobleaching [110]. For comparison between
techniques the values given in table 1 are used.

The probability of photobleaching, rate of photobleaching and num-
ber of cycles before the population is reduced to 1/e (equation 6) are
plotted in figure 24.
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Parameter Value Comments and reference

Absorption cross-section at Aexc Oexc 1016 cm? 10~ 1°=10" 17 cm? quoted in [81]

Rate of fluorescence emission k1 107 57! Quoted in [81]

Rate of phosphorescence Kph 10° 57! Measured value for ATTO 647N [118]

Singlet state absorption N 1077 cm? Order of magnitude for Rhodamine 6G [116]
Triplet state absorption Qﬂ%z 5 x 1077 em?  Order of magnitude for Rhodamine 6G [116]
Rate of intersystem crossing kisc 10° s~ Measured value for ATTO 647N [118]

Rate of relaxation fron Sy Ksys; 5% 10'% 57! Order of magnitude for Rhodamine 6G [116]
Rate of relaxation fron Ty kT, T, 5x 102 57! Order of magnitude for Rhodamine 6G [116]
Rate of photobleaching from Sy Bsy 108 571 Order of magnitude for Rhodamine 6G [116]
Rate of photobleaching from Ty B, 108 57! Assumed to be the same as Bs, [116]

Rate of photobleaching from S; and T; Bs, + _Nwm BT, 5 x 10% 57! Order of magnitude for Rhodamine 6G [116]
Excitation wavelength Aexc 640 nm Excitation wavelength of ATTO 647N [102, 103]
STED depletion wavelength Adept (STED only) 765 nm Depletion wavelength of ATTO 647N [102, 103]
Depletion cross-section Odept (STED only) 107 1% cm? Typical value quoted in [23]

Singlet state absorption (depletion wavelength) qm_mwh_ (STED only) 10~ 17 cm? Assumed to be the same as for excitation
Triplet state absorption (depletion wavelength) waﬁh (STED only) 10717 cm? Assumed to be the same as for excitation
Anti-Stokes excitation (depletion wavelength) oas (STED only) 5x10 2! cm?  Measured for ATTO 647N [121]

Rate of photoswitching ksw (RESOLFT only) 2 x 10° s ! Estimated from data presented in [113]

RESOLFT, which are discussed in the following sections. The fluo-

a hypothetical fluorophore. Parameters are quotes for STED and
rophore is a hybrid of ATTO 647N and Rhodamine 6G.

Table 1: Approximate values for parameters related to photobleaching for
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As previously noted, throughout this thesis Iexc and Igep is repre-
sented in photons.cm~2.s~'. This is converted into the more common
terms of W cm~2 by multiplication by the photon energy

he
Ep=—. 8

For conventional excitation intensities of 1-10 kW cm~2 the rate
of photobleaching scales approximately linearly with intensity. At
higher intensities the quadratic term becomes dominant. The num-
ber of cycles decreases for increasing intensity, approximately 2x10°
cycles are available.
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Figure 24: Photobleaching in confocal microscopy. 24a The probability of
photobleaching upon excitation to the S; state scales linearly
with the excitation intensity. 24b The number of cycles before
the population is reduced by 1/e decreases with increasing in-
tensity. 24c The rate of photobleaching (rg = Pp X Texclexc )is
approximately linear for intensities commonly used in confocal
microscopy (1-10 kW cm™2) and scales quadratically at higher
values (24d).




3.2.3 Photobleaching in STED

3.2 PHOTOBLEACHING

STED requires a depletion laser intensity 3—4 orders of magnitude
greater than the confocal excitation laser. Figure 25 shows some of
the transitions that the depletion laser can induce. Firstly the high
intensity depletion laser can drive excitation of molecules in the S; or
Tq states to higher energy states, in which they have a higher proba-

bility of photobleaching.
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Figure 25: Jablonski diagram showing photobleaching in STED mi-
croscopy. The depletion laser in STED is 3—4 orders of magnitude
more intense than the excitation laser. This laser can increase the
rate of transitions to the higher energy states. On the other hand,
the depletion laser also decreases the lifetime of the Sy state, re-
ducing the average population of the excited state and — poten-
tially — the likelihood of higher order excitation. The depletion
laser also has a low likelihood of causing excitation to the Sj
state either through anti-Stokes excitation or multi-photon excita-
tion (when using pulsed lasers).

The depletion laser also drives stimulated emission from the S;
state to the ground state (rate 0gep1laept), Which reduces the lifetime
of the excited state and competes with processes such as intersys-
tem crossing, higher order excitation and photobleaching. Modifying
equation 7 to reflect the influence of the depletion laser gives

K
BS] + kISC BT1
Pg = m
kit + 0deptldept

exc exc
OsiSn o7} T K1sC

Ksnsy BSN Krym kph n

ket + 0deptldept
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Pg and Ny are plotted for the hypothetical fluorophore described in
table 1, with an excitation laser intensity of 10 kWem—2. Pg in STED
is 10-20 times larger than for confocal microscopy with the same ex-
citation laser intensity. Pg begins to saturate when ogeptildaept > ks1.
The increase in Py leads to a reduction in the number of fluorescence
cycles the population can undergo, which tends towards 4.5% of the
equivalent value in confocal microscopy. This limits the number of
STED images that can be acquired as part of a time series or z-stack.
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Figure 26: Photobleaching in STED microscopy. 26a The probability of pho-
tobleaching upon being excited to the S; state for increasing
depletion intensity. For the fluorophore in table 1 the probabil-
ity of photobleaching is 10-20 times higher than in confocal mi-
croscopy and increases for increasing depletion laser intensity.
Notably, this begins to saturate for ogeptlgept > k1. 26b Sim-
ilarly, the number of cycles before the population is reduced to
1/e decreases with increasing intensity and tends towards 4.5%
of the equivalent value in confocal microscopy. 50 MW cm™? is
the depletion intensity required for 50 nm resolution for this flu-
orophore.

Another consideration is reexcitation from Sy to S7 by the depletion
laser. This can either be by anti-Stokes excitation (rate, cAsIgept) Or
two-photon excitation (rate, GZPEIdepLZ) when using pulsed lasers.
The motivation for using pulsed lasers and strategies to reduce two-
photon excitation by the depletion laser are discussed in chapters 4
and 5. For this discussion it is assumed that two-photon reexcitation
is negligible. Reexcitation by the depletion laser leads to an increased
rate of excitation to the S; state compared to confocal microscopy.
The rate of photobleaching, including anti-Stokes reexcitation with
the depletion beam, is plotted in figure 27a.

In the depletion intensity range commonly used in STED (greater
than the saturation intensity, 2.5 MW cm2), the rate of photobleach-
ing scales linearly with depletion intensity. Similarly, the rate of pho-
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Figure 27: Increase in the rate of photobleaching in STED. Where mg =
PB X (Oexclexc + 0aslgept). The rate of photobleaching is up
to 30 times higher than in confocal microscopy. 27a For deple-
tion intensities higher than the saturation intensity (Is, dashed
black line) the rate of photobleaching scales approximately lin-
early with depletion intensity. 27b The rate of photobleaching in
STED scales linearly with excitation intensity.

tobleaching scales linearly with excitation intensity. As the overall
rate of depletion scales linearly with intensity, it can be assumed that
total photobleaching is proportional to total photon dose in STED
microscopy.

3.2.4 Photobleaching in RESOLFT

As previously discussed, RESOLFT is an alternative to STED that uses
confocal like intensities and; therefore, potentially has a lower rate
of photobleaching than STED. The probability of photobleaching in
RESOLFT is described by a modified version of equation 7, which
includes the alternative decay channel of photoswitching (ksw):

exc exc
Be 4 kiscp OSSN o7y Kisc
b S1 7T K 0T Ksysy “5N 7 Koy kph 2N ) (10)
kﬂ. + ksw kfl + ksw

For existing reversibly photoswitchable fluorophores, ks, is approx-
imately 2x10° s~'. This is small relative to k¢ (~10? s~ '), implying
the probability of photobleaching in RESOLFT is similar to in fig-
ure 24a.

Resolution enhancement in RESOLFT still requires saturation of
the off-state. Unlike STED, saturation is achieved by depleting for a
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longer time (of the order of milliseconds). This corresponds to a large
amount of cycles being used to form a single image.

It will be shown in chapter 4 and during the discussion of protected
STED [77] (section 3.2.6.2) that a total of Ge"cle"ﬂ;fﬁksw 1—e 1) cy-
cles are required to reduce the population of the on-state state to
1/e. This corresponds to ~3x10° cycles required every time the flu-
orophore is switched to the off-state and therefore the amount of
photobleaching per image is 3x10° more than in equivalent confocal
microscopy imaging.

At confocal intensities, the hybrid fluorophore in table 1 typically
has 2x10° cycles before being photobleached (figure 24c). Therefore
a fluorophore will only be able to be switched off gi}gi =~ 600 times
before it is photobleached (figure 24b). This limit is comparable to
previously reported values of switching fatigue [104, 106, 113].

The limit also corresponds to approximately 30 times fewer im-
ages than in STED at the same resolution, although developing flu-
orophores with increased ks, will reduce both photobleaching and
the effects of switching fatigue.

3.2.5 Photobleaching limits signal in single STED and RESOLFT images

Due to the spatial shaping of the depletion beams in STED and RES-
OLFT, molecules may be interacting with the depletion or excitation
laser when not emitting signal photons (for instance the flourophore
in figure 28). This can mean that molecules have been photobleached
before they are imaged. In this section the spatial shape of the deple-
tion beam, and therefore the spatial dependence of photobleaching,
is considered.

Figure 29 shows a spatial profile of the rate of photobleaching
for the hybrid fluorophore described in table 1 during STED imag-
ing. For a depletion intensity of of 50 MW cm ™2, commonly used in
STED, a peak rate of photobleaching 15 times higher than in confocal
microscopy is observed, for this fluorophore. Crucially, this photo-
bleaching occurs in the side-lobes, over a larger area than in confo-
cal microscopy. This means that photobleaching is at its highest rate
when the fluorophore is not being detected. This implies that high
depletion intensities may reduce the signal to be too low for imag-
ing, even in the first STED image — imposing a practical limit on the
maximum depletion intensity and therefore resolution [79].

In summary, this suggests that minimising the depletion intensity
required for a given resolution is crucial for enabling high resolution
STED imaging, z-stacks and time lapse images
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Figure 28: Fluorophores not at the depletion minimum undergo photo-
bleaching before they are imaged. The fluorophore (green circle)
undergoes both excitation and depletion. Both of these interac-
tions can lead to photobleaching. Photobleaching can occur in
each of the pixels prior to the fluorophore being at the depletion
minimum leading to a reduction in available signal before the flu-
orophore is detected. The pixel size in this schematic corresponds
to 10 nm.
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Figure 29: Spatial profile of photobleaching rate in STED. Where 15 =
PB X (Oexclexc + 0asldept). 292 For fixed excitation, increasing
the depletion intensity increases the rate of photobleaching in the
side lobes due to a combination of the increased probability of
photobleaching and anti-Stokes excitation. 29b For fixed deple-
tion, increasing excitation intensity increases photobleaching at
the centre of the PSF due to increases excitation.
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3.2.6  Reducing photobleaching

For conventional intensities and fluorophores, the rate of photobleach-
ing can be approximated as scaling linearly with intensity in STED
and RESOLFT. Therefore, the amount of photobleaching can be ap-
proximated as being dependent on the total photon dose.

Both STED and RESOLFT require a certain intensity, or total pho-
ton dose, to achieve a given resolution, which is calculated in chap-
ter 4, however, photobleaching in STED and RESOLFT can limit the
available signal in a single image, leading to a limit on the amount of
depletion and therefore achievable resolution of an image.

Photobleaching is considered a key limitation of STED and RES-
OLFT. A range of new techniques have been proposed to reduce pho-
tobleaching in STED and RESOLFT, some of these are discussed in
the following section.

3.2.6.1 General strategies
Selection of photostable dyes

The scaling of rg with respect to excitation or depletion intensity de-
pends upon the photophysical properties of the fluorophore. Choos-
ing a fluorophore with a low overall probability of photobleaching
(P) or, in STED, low oA s reduces the rate of photobleaching. Hotta
et al. [110] investigated two fluorophores with similar absorption and
emission spectra but different Ggf E]lw observing that the fluorophore
with a lower excited state absorption-cross section photobleaches less
in STED. Similarly many users choose a long wavelength for deple-
tion to minimise oA, at the expense of reducing ogept.

For live cell imaging users are often constrained to imaging fluo-
rescent proteins or live cell compatible dyes. Fluorescent proteins are
typically less photostable than organic dyes, which has imposed a
limit on the application of STED to imaging live cells. Notably, where
STED has been performed on live-cells it has generally been limited
to cells labelled with the yellow fluorescent protein (YFP), which has
been found to have good photophysical properties for STED.

As will be discussed in chapter 4, the laser sources best optimised
for STED are designed for the depletion of red dyes and therefore are
not compatible with imaging yellow fluorescent proteins. Recently,
organic dyes which are compatible with STED live-cell imaging have
been developed [30-33].

Antifading agents

Similar to choosing more photostable, fluorophores antifading agents,
which reduce the rate of photobleaching, can be introduced to the
imaging medium [122]. The mechanism for one set of these agents
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involves acting as a reducing or oxidising agent that reduces the pop-
ulation of triplet or radical states [123]. Alternatively, reagents can be
introduced that remove molecular oxygen [124], reducing triplet state
reactivity but increasing the triplet state population.

These methods can increase the number of images that can be ac-
quired during imaging. Although these methods are well adapted to
imaging fixed samples [124], they are generally not compatible with
live cell imaging [125].

Replacing photobleached dye with non-photobleached dyes

In live cell imaging, reducing photobleaching by changing the flu-
orophore or imaging medium is challenging and therefore photo-
bleaching may be unavoidable, particularly during long-term imag-
ing. If photobleached fluorophores could be replaced with fluorophores
that have not been photobleached this would assist long-term imag-
ing.

In certain cases, optical microscopy is being used to investigate
sub-compartments of a larger cell, for instance dendritic spines of
neurons. If only a single neuron is expressing a fluorescent protein
which is free to diffuse throughout the cytosol, but remain within the
cell, dendritic spines can be differentiated against a dark background.
A small imaging area, for instance a dendrite, can be selected and
imaged. Over time the fluorescent protein within the imaging vol-
ume will be photobleached; however, this is replaced by the diffu-
sion of non-photobleached fluorescent protein from elsewhere in the
cell [126].

A range of fluorescent labelling strategies can be used in this type
of study including cytosolic YFP [5, 127], LifeAct-YFP [128, 129] (which
binds transiently to actin), and LifeAct-mNeptune2.5 [109], as well as
organic dyes introduced into live cells by patch-clamps [130].

3.2.6.2  Strategies specific to STED
D-Rex, T-Rex and resonant scanners

Although in STED and confocal microscopy, for conventional deple-
tion and excitation intensities, the rate of photobleaching scales lin-
early with intensity. Outside of these ranges, notably for high excita-
tion intensities or low depletion intensities, the rate of photobleaching
begins to scale non-linearly (figure 24d, 27a). Reducing the excitation
intensity, such that it is in the linear range of figure 24d, or reduc-
ing the depletion intensity, such that it is in the non-linear range of
figure 27a, will lead to an overall reduction in the amount of photo-
bleaching.

Particularly in STED, the minimum value of the depletion laser
intensity is limited by the resolution that is required, and therefore
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cannot be lowered. STED requires high intensities such that the proba-
bility of stimulated emission is greater than the probability of fluores-
cence emission (which typically occurs within nanoseconds). Intensity
dependent photobleaching occurs due to excitation from the S; state
to Sy or the Ty state to Ty. Typically, the triplet state has a lifetime of
hundreds of microseconds. Controlling the depletion intensity such
that the intensity is high when the S; state is populated - to allow
stimulated emission depletion — but low (or zero) when only the T;

state is populated will allow high resolution STED with lower photo-
bleaching.

This is achieved in D-Rex/T-Rex STED [102] by using pulsed lasers
for excitation and depletion. Depletion pulses immediately follow
excitation pulses and deplete the S; state to allow super-resolution
imaging. There is a time of up to 2 us between each excitation—depletion
pulse train. In this time any fluorophores in the triplet state will decay
to the singlet state [102, 131-133]. This reduces the average depletion
intensity such that it is in the non-linear range in 27a. For instance, us-
ing T-REX STED Donnert et al. [102, 134] reported STED with reduced
photobleaching and higher resolution using an average depletion in-
tensity of 200 kW cm™2. Due to the long time between pulses (4 us)
this imaging technique is relatively slow.

An alternative approach is investigated by Wu et al. [Schneiderzo1s,
78, 133] using resonant scanners to increase the scan speed such that
the time averaged depletion intensity is reduced to 10 MWcem ™2 lead-
ing to an approximately 2-fold decrease in total photobleaching.

Although the low imaging speeds of T-REX would not be ideal for
live cell imaging, the use of resonant scanners is a potentially viable
approach.

Protected STED

Figures 28 and 29 show that the rate of photobleaching is typically
high around the side lobes where the depletion intensity is highest.
This is related to excitation from the ground state by the depletion
laser.

In order to be photobleached, fluorophores must be excited from
the Sy state to a higher energy state. Danzl et al. [77] propose that if
fluorophores in the depletion region could be placed in a state where
they could not be excited then photobleaching would be reduced.
One such state is the off-state of a reversibly photoswitchable fluo-
rescent protein, such as those used in RESOLFT. In this technique, so-
called protected STED, fluorophores are photoactivated with a Gaus-
sian beam; fluorophores outside of the centre are then off-switched
using a vortex shaped RESOLFT laser. Finally, the fluorescence signal
is read-out using an excitation beam overlaid with a vortex-shaped
depletion beam.
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It will be shown in chapter 4 that the number of molecules remain-
ing in the on-state (Non (Ig,tr)) in RESOLFT after illumination for
time tg at intensity Ig is

oexclgksw

Non(Ig, tr) = e TexcTrikmuion ™, (11)

where the initial population is one. The number of molecules photo-
bleached (NRES) in time tg is the probability of photobleaching mul-
tiplied by the number of molecules transitioned to the excited state
in this time:

tr
NRES = PEESJ OexcIRNon (I, t)

° (12)

RES Igk
_ PE 7 (0exclr + ka1 + Ksw) (1 _ef‘w;m%m)

Ksw

where the probability of photobleaching in RESOLFT is described
by equation 10 and is referred to here as PEFS(Ig). The number of
molecules photobleached during the STED phase is

ts
NSBTED = PISBTED J (Gexclexc + O-ASIdepl)Non(IR/ t)
0 o (13)
OexclRKsw

~ 15 EPtge” Texclpiknikow k)

where ts is the STED imaging time and r%TED (Iexc, Laept) is the rate
of STED photobleaching shown in figure 27. Due to the relatively
short STED readout times it is assumed that photoswitching is negli-
gible.

The total photobleaching in protected STED is NIOT = NRES 4
NSBTED (tr) and the improvement over STED only (N SBTED (tr =0))is
therefore described by the expression

TOT _
N~ ' =

RES gexclpk
<_rSBTEDtS ~ P (0exclr +kp + ksw)) (1— 67%&2)/

Ksw
(14)

suggesting that, providing the total photobleaching in RESOLFT is
less than in STED, the improvement will increase for increasing tg.
This principle was verified experimentally by Danzl et al. [77] for
rsEGFP2, where photobleaching was reduced by a factor 4 in pro-
tected STED over conventional STED. A secondary advantage of this
technique is that the RESOLFT process is also enhancing the resolu-
tion, and this may lead to a reduction in required depletion intensity.
The imaging time of this technique is comparable to the imaging time
in RESOLFT.
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Although protected STED uses fluorescent proteins and is there-
fore compatible with live cells, it is yet to be demonstrated that the
protected STED on rseGFP2 is less photobleaching than conventional
STED on, for instance, YFP, which is more commonly used in STED.
The imaging time is also long compared to conventional STED.

Minimising photobleaching outside of the centre of the depletion spot

A key aim of protected STED is reducing photobleaching in the re-
gions where the STED depletion laser is most intense. As previously
discussed, this has an impact on the achievable signal in single image
STED imaging.

A range of new STED imaging techniques have been recently pro-
posed, which aim to reduce the exposure of fluorophores to the de-
pletion laser and, therefore, photobleaching. One such technique is
MINFIELD [79]. In this technique, fields of view are chosen that are
less than 200 x 200 nm? in area. This corresponds to imaging the
area shown in figure 30a. Figure 30b shows the distribution of the
rate of photobleaching. Notably, for a 200 x 200 nm? area, the peak
rate of photobleaching is 5 s~ (a three-fold improvement over stan-
dard STED (figure 29). This method reduces both the maximum rate
of photobleaching and the number of cycles the fluorophore will un-
dergo during a single image (compare figure 30a to figure 28). Got-
tfert et al. [79] measured an up to 100-fold decrease in photobleaching
in MINFIELD over standard STED.

MINFIELD requires a small field of view compared to conventional
STED (200 x 200 nm?). This technique is therefore well adapted to
imaging sparse sub-diffraction limit features. It allows either higher
resolution, single-shot imaging through allowing higher depletion in-
tensities to be used or acquiring z-stacks. Although multiple frames
can be acquired in MINFIELD, time-lapse movies can only be ac-
quired of strucutures that do not move out of the, small, imaging
volume.

In principle, MINFIELD could be combined with RESOLFT imag-
ing; however, acquisition times in RESOLFT may prevent this if the
sample moves out of the field of view during acquisition. Similarly
the method could be combined with D-REX/T-REX to further reduce
photobleaching but the increase in imaging time may be prohibitive.

MINFIELD is not well adapted to imaging larger structures such
as actin networks in live cells. Alternative techniques which modu-
late the intensity to minimise unnecessary photodamage have been
proposed. In the RESCue STED [75] technique it is recognised that
the fluorophore in figure 28 will not emit signal but may still be
photobleached by the depletion beam. Therefore, the depletion and
excitation lasers are turned off in pixels where the signal is below
a given threshold, minimising the time fluorophores not at the de-
pletion minimum are exposed to the high intensity depletion beam.
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Figure 30: Photobleaching in MINFIELD STED [79]. 30a Schematic repre-
senting the field of view where STED imaging is performed in
MINFIELD. A subdiffraction limit field of view is selected based
on a confocal image and the feature is then imaged in high resolu-
tion. 30b A line profile showing that by selecting a 200 x 200 nm?
field of view the maximum rate of photobleaching is reduced to
55! (a three-fold improvement on standard STED (figure 29)).
The green line represents the rate of photobleaching, blue the nor-
malised excitation PSF and red the normalised depletion PSF.
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Similarly, DyMIN [76] modulates the depletion intensity in response
to the fluorescence signal such that the depletion intensity is just high
enough to quench fluorescence, up to a maximum depletion intensity
defined by the target resolution. DyMIN further reduces unnecessary
exposure to high intensity depletion beams. Total photobleaching in
DyMIN is slightly higher than in MINFIELD; however, this technique
can be used for imaging larger fields of view and notably live cells.
Many of these strategies are highly advanced, but could be retrofitted

to a system if necessary. It is therefore prudent to build a STED or
RESOLFT system that can achieve the highest possible resolution and
consider adding these modifications if necessary. To a first approxima-
tion photobleaching in STED and RESOLFT is proportional to photon
dose. Intensity should also be minimised [135]. In the following sec-
tion, the relationships between the resolution of STED, RESOLFT and
their variants with photon dose and intensity is investigated theoreti-
cally to allow comparison of these techniques.



THEORETICAL AND PRACTICAL COMPARISON OF
STED AND RESOLFT TECHNIQUES

4.1 INTRODUCTION

Aim

In the previous discussion it was decided that STED and RESOLFT
type microscopies were introduced and the major challenge of photo-
bleaching was outlined. In this chapter different techniques in STED
and RESOLFT microscopy are compared in terms of the intensity and
photon dose required to achieve a given resolution. By considering

theoretical and practical considerations the type of microscope to be
developed in this work is selected.

Motivation

Since the first proposal of STED microscopy in 1994 by Hell et al. [22]
and demonstration in 2002 [136] a range of microscopes have been
developed based around this principle. In general these techniques
differ in the type of laser used for depletion (pulsed or cw) and the
depletion intensity required for a given resolution. It has been sug-
gested that STED with pulsed or cw lasers (hereafter pulsed STED
and cw-STED) can be further improved by using time-gated detec-
tion which rejects lower resolution early emitted photons [36, 137].

Although each of these STED modes (pulsed STED [39], cw-STED
[39], time-gated pulsed STED [37, 137] and time-gated cw-STED [37,
137]) have been well described in the literature in terms of their sup-
pression factor it is difficult to directly compare some STED modes in
the common term of saturation intensity (Is), which indicates the de-
pletion intensity required for a given resolution [37, 39]. This makes
both the direct comparison of STED modes and the identification of
limiting factors in STED resolution challenging.

This is particularly relevant in RESOLFT [38], where theoretical val-
ues for the suppression factor and saturation intensity are less com-
monly discussed. These values are also more difficult to compare to
those for STED techniques as, although the time averaged intensities
in RESOLFT are lower than in STED, the longer dwell times in RES-
OLFT may mean that a comparable total number of depletion pho-
tons are required. Finally, in RESOLFT, more fluorescence photons are
typically detected per fluorophore due to the photoswitching mech-
anism, making RESOLFT and STED difficult to directly compare in
terms of theoretical resolution. Therefore it is more relevant to com-
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pare STED and RESOLFT in terms of total photon efficiency — total
number of depletion photons required per signal photon.

The consideration of photon efficiency in STED is also relevant in
modes that use time-gated detection. In these techniques signal pho-
tons are inherently rejected to allow the reduction of depletion in-
tensity. This potentially leads to a reduced SNR and therefore longer
exposure times. This suggests that saturation intensity alone does not
tell the full story [138].

Structure

In this section STED and RESOLFT microscopy techniques are dis-
cussed in terms of the photophysics of dyes during depletion. The
origin and theory of increases in resolution due to pulsed depletion
and time gating are discussed in detail and the techniques are com-
pared in terms of theoretical resolution. To assist direct comparisons,
particularly with RESOLFT, the parameter ys is defined, which is the
number of depletion photons required per fluorescence photon.

Having considered the theoretical performance of the techniques’
practical limitations such as laser sources available, compatible flu-
orescent markers, experimental complexity and cost of systems are
discussed allowing a design strategy for the microscope developed in
this thesis to be formed.

4.2 DEFINITION OF KEY PARAMETERS RELATED TO STED AND
RESOLFT RESOLUTION

4.2.1  Excited and ground states

For simplicity the fluorophores used in STED are approximated as
a four level system represnted in figure 31, where states A’ and A
represent the ground state and states B’ and B represent the excited
state. States A and B are the lowest energy levels of the ground and
excited state. A’ and B’ represent higher vibrational energy states.

4.2.2  Suppression factor

The suppression factor (n(r)) is the factor by which the depletion
laser quenches fluorescence and is defined as the ratio of fluorescence
detected in the presence of a depletion laser of intensity [gep1(r) to
that without a depletion laser:

N (Igept) f:; nE(t, Laep)dt
n(r) = =

- _ , G
NF(Idepl =0) J‘I; ne(t, Idepl =0)dt 5)

where Nr is the total number of fluorescence photons emitted in a
given time and n(t) is the instantaneous number of fluorescent pho-
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Figure 31: Stimulated emission depletion in fluorescence microscopy. In
STED the molecule is excited from the dark ground state (A) to a
vibrational energy level (B’) of the bright, excited, state (B) (31a).
Thermal transitions transfer the molecule to the lowest energy
excited state (B). A molecule in this state can return to the ground
state (B — A) through spontaneous emission (fluorescence) as
in 31b or through stimulated emission in the presence of a photon
of energy hvgept (31¢), The wavelength (Agep1) and therefore
hvg4ep1 can be selected such that it is spectrally distinct from A¢y.

tons emitted. tg and t; are the times at which detection starts and
finishes, respectively.

An example suppression factor PSF is plotted in figure 32 for a com-
mon approximation of the suppression factor ((r) = e~ laept(1)/Is)
where the depletion intensity distribution is given by the Laguerre-
Gaussian (LGg1)

Idepl(r) = erzeizrz/wzl (16)

where € = 41,4, /w? is a factor related to the distribution of the STED
intensity, and w is the 1/e waist of the electric field [37], I\ is the
average intensity of the depletion beam and r is the distance from the
centre of the PSE. The STED or RESOLFT PSF is the product of the
suppression factor and confocal PSF (hs gk =n x hc).

It is shown in this chapter that the shape of n(r) varies depending
upon the STED mode. However it is behaviour for low 1 (and Igep1 (1))
that is most relevant to STED [79] and to first approximation these
modes all have the same shape.

4.2.3 Peak and average saturation intensity, and total saturation energy

The saturation intensity (Is) is the average depletion intensity re-
quired to reduce the probability of fluorescence emission to 1/e. For
STED with pulsed depletion Is = Igeakt]D /taury Where tp, and tayiy
are the pulse duration and time between pulses, respectively. Igeak
is the peak pulse intensity required to reduce the probability of flu-
orescence emission to 1/e. For comparison with RESOLFT the total
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Figure 32: Suppression factor in STED or RESOLFT microscopy. The sup-
pression factor PSF (n = e~ laept(1)/1s) js shown for I 4, = I rela-
tive to the confocal PSF (h¢). The STED/RESOLFT PSF (hc x 1)
is shown — representing a resolutio enhancement relative to con-
focal. The STED/RESOLFT FWHM is Arg g = hc/ V2

energy (Es = Ists) as typical exposure times in RESOLFT are longer
than in STED.

Generally a lower saturation intensity (or energy) is preferred for
STED as it reduces the power requirements of the depletion laser
and thus the likelihood of photobleaching and photodamage to the
sample for a given resolution.

4.2.4 Resolution enhancement

For a confocal PSF h¢e = e—4m%/@? the FWHM is Arc = wvIn2. For
the suppression factor n(r) = e(~laepi(r)/Is) the STED or RESOLET

PSF is
42 A1 2 /2
hsr = exp <—w2 - 1376 , (17)
which close to the centre of the PSF can be approximated as
2
limhgg = e o (1 +laept/Is) (18)
T—0
and the FWHM as [97]
wv1In2 Ar
Ars g = . (19)

\/1 + Idepl/IS a \/1 + Idepl/IS ‘

A STED or RESOLFT PSF for Igep1 = Is is shown in figure 32 — the
resolution enhancement is 1/v/2. The resolution in STED and RES-
OLFT is theoretically only limited by the ratio of I, to Is.
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4.2.5 Photon efficiency

In practice STED or RESOLFT resolution is limited, in part, by the
depletion intensity that can be delivered to the sample and therefore
either by the power of the depletion laser source or by photobleaching
or photodamage induced by the depletion laser. It is advantageous to
reduce the saturation intensity either by choosing fluorophores that
have low saturation intensities or by employing STED modes that
have reduce saturation intensity such as pulsed depletion or time
resolved detection.

Although time resolved detection reduces the saturation intensity
for STED microscopy techniques with pulsed excitation it is impor-
tant to consider that some signal photons are rejected by these tech-
niques. Therefore for the same SNR more excitation and depletion
cycles are required and therefore a higher total photon dose will be
needed.

To allow comparison between time-gated and non time-gated de-
tection the saturation photon efficiency vs is defined as ratio of time
averaged fluorescence emission at r = 0 (ng(r = 0)) to the saturation
intensity:

(20)

A higher ys implies a lower photon dose. The numerator in this term
is similar to the peak SNR discussed by Vicidomini et al. [137].

In the following section four STED modes (cw-STED, time-gated
cw-STED, pulsed STED and time-gated pulsed STED) as well as some
specific variants (cw-STED with pulsed excitation, pulsed STED with
short pulses) are discussed in the context of their suppression factors,
peak and average saturation intensities, and their photon efficiency.
These methods are then contrasted in terms of practical constraints
such as available laser sources, fluorophores and experimental com-
plexity.

The same parameters are then discussed for RESOLFT and this
method is compared with STED.

4.3 THEORETICAL COMPARISON OF STED MODES
4.3.1  General principle of STED
4.3.2 cw-STED

A relatively simple and low cost version of STED microscopy can be
carried out using continuous wave (cw) lasers [35]. In this configura-
tion the sample is continuously illuminated with lasers of wavelength
Aabs and Agept and fluorescence continuously collected. This is illus-
trated in figure 33.
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Figure 33: Temporal control in continuous wave STED. In cw-STED the
sample is continuously illuminated at both the excitation and de-
pletion wavelength (Aexc,Adept) and fluorescence emission (Aem)
is continuously collected. The system is considered to reach a
steady state.

Suppression factor in cw-STED

Assuming that states A’ and B’ (figure 31) have lifetimes much shorter
than the lifetimes of A and B - that is to say molecules in A’ and B’
decay instantaneously to A and B, respectively — the rate equation for
the change of population of state B (Ng) can be written as

dN3p(t)

—a —(kf1 +Kaept)NB () + kexcNa(t), (21)

where k¢ ,Kgept and Kexc are the rates of fluorescence emission, stim-

ulated emission and fluorescence excitation respectively. Assuming
the system is in the steady state (%Btm = 0) and all molecules are in

either state A or state B (N4 (t) + Ng(t) = 1) this can be written as

Kexc

= . 22
ket + Kdept + Kexe (22)

Ng

The number of fluorescent photons, ng, emitted per unit time can
be written as

kexC
k =kaNpg(t) =k .
nr(kgept) = kptNp(t) ﬂkﬂ-l—kdept-i-kexc (23)

The suppression factor n(kgept) is the ratio of photons emitted through
fluorescence with to that without a depletion laser

nf(kdepl) . ket + Kex

= . 2
nf(kdepl = O) ket + Kex + kdepl ( 4)

n(kdepl) =

For typical excitation intensities (table 2) the rate of fluorescence exci-
tation Kexc = Oexclexc (Oexc is the absorption cross section at the ex-
citation wavelength and I, is the excitation intensity) is much lower
than the rate of emission (kexe < kf1) and depletion (kexe < Kaept)-
The suppression factor can therefore be approximated as

ke 1
" kfitkaept 1+ 0deptTrildept”

n (25)
where s = 1/kgy is the fluorescence lifetime and kgep1 is the prod-
uct of the depletion laser intensity and the stimulated emission cross
section at the depletion wavelength (Igep10dept)-
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Saturation intensity in cw-STED

The saturation intensity Is is average depletion intensity at whichn =
1/e. Therefore in the continuous wave case the saturation intensity is

Is = e—1 ~ 1.7183. (26)
OdeplTfl Tf10depl

The saturation intensity can be calculated for the common STED
fluorophore ATTO 647N based upon the parameters in table 2. To
achieve a resolution of 50 nm, based on equation 17, the intensity
Iqept required is ~40xIg, corresponding to ~20x10%> photons/s or
~50 MWem 2. Assuming a diffraction limited depletion pattern this
corresponds to available laser power of 250 mW where P = mtw?1
This is comparable to values reported by Vicidomini et al. [36].

av:

Parameter Value Comments and reference

Oexc 1016 cm? absorption cross-section10~ '°—10~ "7 cm? quoted in [81]
Iexc 10 kWem—2  Order of magnitude intensity used in cw-STED [35, 139]
Tl 3.5x10 ° s  Typical fluorescence lifetime of ATTO 647N

Odepl 10~ '® cm?  Typical depletion cross-section quoted in [23]

Aexc 640 nm Excitation wavelength of ATTO 647N [102, 103]

Adepl 765 nm Depletion wavelength of ATTO 647N [102, 103]

NA 1.4 Numerical aperture of a common high resolution objective
r 8o MHz Repetition rate of Ti:S laser commonly used in STED

Table 2: Typical values of parameters affecting resolution in STED.

Photon efficiency in cw-STED

The rate of fluorescence emission at r = 0 where [qgepr =0is

k
ng(r=0) =kpNp = kﬂkﬂ% ~ Oexclexc, (27)
exc

for conventional excitation intensities. ys is therefore

_NF _ Tf10deplOexclexc (28)
Is e—1 '

Ys

In the following sections this parameter will be compared in other
STED and RESOLFT modes.

4.3.3 cw-STED with pulsed excitation

CW-sources with sufficient power for STED depletion are relatively
common and instruments using cw depletion are relatively simple
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to implement as no temporal alignment is required. Pulsed sources
with sufficient power for fluorescence excitation can also be used and
include supercontinuum sources, for arbitrary wavelength selection,
and sources for 2-photon excitation. The steps involved in this STED
mode are represented in figure 34.

Excitation [j [l

~

- =+ o+

Depletion

Detection

Figure 34: CW STED with pulsed excitation. Here excitation is from a
pulsed laser source but depletion is with a cw laser. The suppres-
sion factor can be shown to be the same as for STED with all cw
lasers [37, 39]. This mode could be used for 2-photon excitation
STED [140-142]

Suppression factor and saturation intensity in pulsed cw-STED

At t = 0, immediately after a square pulse of peak intensity 1Reok

and duration tex. < Ty the excited state population is Ng(t = 0) =

Oexc IPE3*¢t . The rate of decay from the excited state is

dNg
dt
and the suppression factor is
Jo Ng(Kdept) ke

k — = = 4 O
n( depl) J-O NB(kdepl =0) kf1+kdepl 6

this is the same as the approximation for conventional cw-STED in
equation 25. Therefore Is can also be written as

= —(kdept + ks1)Ng, (29)

e—1
[ =—-——. 1
> OdeplTfl (1)

Ys in cw-STED with pulsed excitation

As the time between pulses tquty is long relative to the fluorescence
lifetime it is assumed that all molecules have decayed Ng(tquty) = 0.
The average fluorescence at r = 0 in one duty cycle is therefore

OoxcIBESKE
exclexc Texc
ng(r=0) = = Oexclexces (32)

tduty

where Leye = Bt/ tauty is the intensity averaged over one duty

cycle. ys is therefore

_ ng(r=0) _ Tflo-deplo-exclexc

S = IS e — 1 4 (33)

analagous to cw-STED.
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4.3.4 cw-STED with time-gated detection

In cw-STED with pulsed excitation the amount of molecules that have
been depleted by stimulated emission increases over time as more de-
pletion photons arrive at the sample. Molecules emitting earlier after
excitation have, therefore, been less affected by the depletion beam.
Fluorescence is therefore more likely to have been emitted from the
centre of the PSF at later time points [36, 37]. Figure 35 shows a
comparison between Ng(t, Igept) and Ng(t, Igepr = 0), correspond-
ing to the depleted region and centre of the PSF, as a function of
time after the depletion pulse. For increasing t the suppression factor
N = Ng(t, Laept)/Ng(t, Iaepr = 0) decreases. Suggesting that start-
ing detection later after excitation (as in figure 36) will decrease the
average suppression factor, increasing the resolution.

— NB (t/Ideplzo) - NB (t/Idepl: \/Z IS) . T](t)

1 \ 1
=
m 051 N
Z
O | | |
0 0.5 1 15 2 29
t/Ta

Figure 35: Photon arrival times in cw-STED with pulsed excitation. Ex-
cited state population in cw-STED for regions at the centre
(Ng(t, Igept = 0)) and depleted region (Ng(t,[gept)). The sup-
pression factor (ratio of Ng(t,Igep1) to (Ng(t, Igept = 0)) de-
creases — corresponding to higher resolution.

Excitation [} 11 \

. : L
Depletion GG,
Detection ] -;

tg ' tg t

Figure 36: cw-STED with time-gated detection. Fluorescence emission is
collected only at later time points (tg) after the excitation pulse.
This excludes lower resolution photons emitted early after the
pulse at the expense of total signal.

The contribution of early and late emitted photons is shown in fig-
ure 37. The PSF emitted before a time gate t4 is lower resolution than
the PSF emitted after t4. The PSF emitted after t4 (corresponding to
the PSF in time-gated cw-STED) is also higher resolution than the to-
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tal PSF (corresponding to cw-STED). The affect is more pronounced
for longer time gates (cw-STED, FWHM = 71 nm; time-gated ty =
300 ps, 67 nm; tg = 1000 ps, 59 nm).

—— Confocal PSF --- STED PSF - after tg4 (time-gated cw-STED)
--- STED PSF - before ty —— STED PSF - total (cw-STED)
1
= 0.8 . :
m 7/ \\
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§ 0.4 . N -
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N e Rkl R I
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(b) tg=1000 ps, Tf1=3.5 ns

Figure 37: Resolution in time-gated cw-STED. The confocal, cw-STED and
time-gated cw-STED PSFs are compared for (37a) 300 ps and (37b)
1000 ps time gates. Time-gated cw-STED has better resolution
than conventional cw-STED, although there is a reduction in sig-

nal. For illustrative purposes fluorescence emitted prior to the
time gate is shown.

Suppression factor in time-gated cw-STED

The suppression factor in time-gated cw-STED is

ff: Ng(t, Igepr)dt 1

N(laept) = =
v 5, NB(t, Iaept = 0)dt 14 Tr0acpilaept

efo-deplIdepltg

(34)
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Substituting in the suppression factor in cw-STED from equation 25
shows that time gated STED has a lower suppression factor for in-
creasing tq

MNew/tg = ncw(ldepl)eigdeplldwltg- (35)

As predicted the suppression factor scales exponentially with an in-
creasing time gate. The effect of this on Is and ys is discussed here.

Saturation intensity in time-gated cw-STED

The suppression factor (equation 34) is dependent on the depletion
intensity and time gate. There is not a simple expression for the sat-
uration intensity (Is) but the saturation time gate (tg4s) can be repre-
sented, by rearranging equation 34 where n(Is, tys) = 1/e, as

[+
T+0gdeptIsTi

m‘ (36)

tgs =
9
0deplIS

Interestingly this can be written in terms of the the reduction of satu-
ration intensity in time-gated cw-STED (Igw/ tg) over cw-STED (IS"W)
based upon equation 26 as

[
lTL 1 ( ])Igw/tg
tgs B +(e Igw ( )
o ot 37

(6—1)51T

suggesting that the improvement in saturation intensity of time-gated
STED is dependent only on the ratio of time-gate duration and the
fluorescence lifetime. Based upon this equation the reduction of satu-

cw/tg

ration intensity in time-gated cw-STED (ISIT is plotted as a function
of tgs/Ts in figure 38.

Ys for time-gated cw-STED

For longer time gates the saturation intensity decreases, however for
the same excitation intensity, this will lead to a reduction in in flu-
orescence emission detected. Only fluorescence emitted after tg is
detected such that the average fluorescence emission over one duty
cycle (duration tgyty)
o0
nr (T = O) = 0~exclexc J NB(I = O/ t)dt = Uexclexce_tG/Tﬂ- (38)
tg
Based upon equation 28 the improvement in photon efficiency in time
gated cw-STED, over cw-STED (ygw/ tg /vsYW) is

cw/tg —t
YS B Igwe g/Tfl

v§Y I Y(y)

(39)
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Figure 38: Saturation intensity reduction in time-gated cw-STED. The sat-

uration intensity is reduced in time-gated cw-STED (Igw/ '9) for

increasing time gates relative to cw-STED (IS"). The improve-
ment in saturation intensity is dependent only on the time gate
duration relative to the fluorescent lifetime.

ygw/ t9 /v$" is calculated by dividing the intensities shown in fig-

ure 38. This is plotted in figure 39. The photon efficiency of time-gated
cw-STED initially improves up to an optimum time gate tg = 0.467¢;
and is then degraded as the loss in signal would lead to a longer ac-
quisition time — for a given signal level — and therefore higher photon
dose. The theoretically optimised time gate is similar to the time gate
used in previous reports of time-gated cw-STED [143]
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Figure 39: Photon efficiency optimisation in time-gated cw-STED. The
photon efficiency is higher in time-gated cw-STED for time gates
less than half the lifetime. An optimum time gate occurs at
tg = 0.467¢. For higher lifetime the loss in signal overcomes
the reduction in depletion intensity.

At the optimum time gate the saturation intensity is 0.49I<" and
the photon efficency is 1.29y$". By using the analytically found opti-
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mum time gate expressions for the optimum saturation intensity and
photon efficiency can be found as

(e—1)
OdeplTfl

Oexclexc OdeplTfl

(e—1)

I5(0.4671) = 0.49

(40)
vs(0.46T¢) = 1.29

simple expressions for the these parameters have not been reported
which has made direct comparison of time-gated cw-STED with other
STED modes challenging.

4.3.5 Pulsed STED

In time-gated cw-STED it was found that early emitted photons de-
grade the resolution and therefore detection is limited to later time
points after the depletion laser has had a more significant significant
effect. An alternative is to concentrate the depletion photons to early
time points after the excitation pulse by using a pulsed depletion laser
of duration t,, as represented in in figure 4o0.
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Figure 40: Temporal control in pulsed STED. 40a In pulsed STED both the
excitation and depletion lasers are pulsed. These pulses are sep-
arated in time, such that there are is no re-excitation of depleted
molecules during acquisition. Excitation pulses (duration 100 ps)
transfer fluorophores in to an excited state. The depletion pulse
(duration 200300 ps) deplete the excited state after excitation.
Usually pulses are much shorter than the fluorescence lifetime
T¢1, such that minimal fluorescence is emitted during the pulse.
40b The probability distribution for fluorescence at time (t) after
excitation by a pulsed laser. The blue line shows the probability
decay without a depletion laser. By concentrating the depletion
power into time t, the depletion can be maximised for a lower
average intensity.
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Suppression factor in pulsed STED

For pulsed excitation the population of the excited state Ng(t) will
vary as a function of time (t) after excitation as described by the rate
equation

dNg
dt

where the terms k1N (t) and 0gepilaept (t)Ng(t) represent the num-
ber of photons emitted at time (t) by fluorescence and stimulated
emission, respectively. In the pulsed STED case, the pulse is assumed
to be a square pulse of duration t,, starting at t = 0 (immediately
after excitation), with intensity peak power Igig]f —such that

(t) = —kpaNp(t) — oqeptlaept (t)NB (1), (41)

hear 0 <t <t
Idepl(t) = depl h = (42)
0 t >t
The population of the excited state is therefore
e—(kf1+0dep113231f)t 0<t<t
NB(t) = — Ipeakt ket . (43)
e deplidepl 'P o Kfl t > tp

The suppression factor (from equation 15) for one image cycle (where
tdauty > Tr1 such that t — oo) is therefore

_ kafg Ng(Lt)dt ke fo" NB(I,t)dt+ﬁZNB(I,t)dt)
T [P Np(I=0,0)dt ket [N (1= 0, t)dt ’
(44)

giving

peak

—(kf+0aept IRt —(kp1+Gdept] t
( fl depl depl) p_|_ —e ( fl depl depl) p)’

K¢
n=e peak (1

kﬂ + Gdeplldepl
(45)

where the first term represents fluorescence emitted after the deple-
tion pulse and the second term fluorescence emitted during the de-
pletion pulse. This equation can be expressed in terms of the ratio of
the pulse duration to the fluorescence lifetime, x = t, /Tf1(= tpkei),
and the energy density of the pulse, E = Iﬁiglftp,

n= 67(0‘+0_deplE) + & 'l _ ef((erO-deplE))' (46)

x+o deplE
For short pulses relative to the fluorescence lifetime (t, < Tr1) «
tends to zero (¢ — 0). This corresponds to concentrating all of the
depletion at t = 0 when the population of the excited state is at its
maximum and gives the lowest suppression factor for a given E. In
this case the suppression factor can be approximated as

n(Idepl) = e~ Cdeptldepity, (47)
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Saturation intensity in pulsed STED (short pulses)

For pulses of finite duration there is not a simple solution for Is,

however, for short pulses the peak satuation intensity (IEeak) can be
defined as
1
et = —— (48)

0-depl.tp

Although, instantaneously, this intensity is high — the average inten-
sity (Is) of the pulse over its duty cycle is lower

o= (49)

Gdepltduty ’
where tg4,¢y is the time between pulses.
The ratio between Is for cw-STED (I$") and the average for pulsed
STED (IE) is given by

ISp Tfl
= , (0]
IScw tduty (e —1 ) (5 )

showing that, for a duty cycle greater than the fluorescence lifetime,
the average depletion power in pulsed STED will be less than that
in cw. This is because the power is concentrated in the time when
it can be effective — before fluorescence has been emitted [35]. For
ATTO 647N, pulsed STED has an Is six times lower than cw-STED,
corresponding to 3x10%> photons, 8 MWcm ™2 or 40 mW in the back
aperture of a 1.4 NA objective.

Ys for short pulses

Similar to in section 4.3.3 the fluorescence emission is

OexcIBEE L
ne(r=0) = exctexc exc, (51)
duty
such that
ng(r=0)
Ys = T = O-deplo-exclexctduty~ (52)

4.3.6 Time-gated pulsed STED

In the previous discussion the saturation intensity is calculated, and
minimised, for infinitesimally short pulses immediately after the ex-
citation pulse [37]. In a more complete model, proposed by Leuteneg-
ger et al. [39], it is proposed that depletion pulse durations of t, ~ 20~
30 ps are a more efficient use of power. This is because of the short
but finite relaxation time between B’ and B.

In practice it has been found that excitation pulses of duration 50—
70 ps and depletion pulses of duration t, = 100-300 ps are more
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effective [39]. This is thought to be due to a combination of minimis-
ing synchronization jitter [39], reducing photobleaching [144] — which
scales with peak intensity [116] — and reduction of multiphoton re-
excitation processes [39, 145].

For pulse durations that tend towards the fluorescence lifetime
(tf1), photons emitted during the pulse begin to contribute to the
overall PSE. Similar to the case in section 4.3.4, photons emitted dur-
ing the pulse have been less effectively depleted and so fluorescence
emission is less confined to the center of the PSE.

The suppression factor (equation 46) can be divided into two parts

K — (kg +o I )t
N4 . — ] —e fl deplldepl)tp
T K+ 0deptIdept ), (53)
Nafter = e~ (kn+oaepilaept)ty
and
ntotal(‘r) = MNduring +Nafter- (54)

The PSF resulting from each of these components is plotted in fig-
ure 41,where Igep1 = “I(‘;ivzrze_rz/“’z and I4, = 4012 is used for reso-
lution ~50 nm (If is the saturation intensity for STED with infinitely
short depletion pulses).

For short pulses relative to the lifetime (t, = 300 ps, Tf1 = 3.5 ns;
figure 41a the total PSF — typically detected — is comparable the
PSF detected only after the depletion pulse (FWHM;otq1 = 51.7 nm,
FWHMg¢tter = 50.3 nm). For either longer pulses (t, = 1000 ps, Ts1 =
3.5 ns; figure 41c) or shorter lifetime fluorophores (t, = 300 ps, Ts1 =
1 ns; figure 41b) the contribution of fluorescence emitted during the
pulse is more pronounced leading to either a decrease in signal in
the fluorescence emitted after the pulse or a decrease in resolution in
the total PSF (Longer pulse - FWHMgfter = 50.3 nm, FWHM {4tq1
= 54.9 nm; shorter lifetime - FWHMg¢ter = 50.3 nm, FWHM {4tq1 =
55.1 nm)

This suggests that excluding fluorescence emitted during the pulse
may have a benefit for short lifetime dyes or STED with longer pulse
durations. Time-gated detection [37, 39], similar to in section 4.3.4,
can be used to exclude fluorescence emitted during the pulse. This
is represented in figure 42 and the impact of this on resolution is
considered in this section.

It has recently been proposed both by Castello et al. [138] and Oracz
et al. [121] that longer pulse durations, with lower peak powers but
the same average power, lead to reduced non-linear photobleaching
suggesting that fluorescence emitted during the pulse may become
increasingly relevant in STED.
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Figure 41: Effect of depletion pulse duration on STED resolution. In
pulsed STED, the STED PSF (tota1 X h¢) is a combination of
photons emitted during the depletion pulse (Mquring X hc) and
after the depletion pulse (Mqfter X hc). Photons emitted during
the pulse have a lower resolution than those emitted after the
pulse as fewer molecules have been depleted by the depletion
beam. Although in the typical case (41a) where the pulse dura-
tion is much shorter than the lifetime this effect is negligible, for
short lifetimes (¢, 41b) or long pulses (41c) photons emitted dur-
ing the depletion pulse degrade resolution. Time-gated detection
excludes photons emitted during the pulse, increasing the resolu-
tion at the expense of total signal.
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Figure 42: Time-gated pulsed STED. Fluorescence emission is collected
only after the depletion pulse. This excludes low resolution fluo-
rescence emission before the depletion laser has taken effect and
excludes background related to the IRF and jitter on depletion
pulse arrival times.

Suppression factor in time-gated pulsed-STED

Because time-gated pulsed-STED excludes fluorescence emitted dur-
ing the pulse the suppression factor is similar to that in pulsed-STED
with infinitely short pulses.

ke [y, Ne(Lt)dt ey laentty (55)

n = %) =
k1 jtg Ng(I=0,t)dt

Saturation intensity in time-gated pulsed-STED
The saturation intensity is where n = 1/e and can be calculated as

1

¢ =———.
Odepltp

(56)
This suggests that for longer (~ns) pulses time-gated detection allows
the same resolution as STED with short pulses of the same average in-
tensity. time-gated pulsed STED is compared to conventional pulsed
STED with increasing pulse duration (Is for conventional pulsed
STED is calculated analytically) in figure 43. Showing that time-gated
pulsed STED has the same Is as STED with infinitesimal short pulses.
Increasing the depletion pulse duration may reduce non-linear pho-
tobleaching [121, 138], with time gating ensuring that there is no in-
crease in Is. Like time-gated cw-STED (section 4.3.4) some signal is
rejected in time-gate pulsed STED and this is considered here.

Ys in time-gated pulsed STED

Only fluorescence emitted after ty is detected such that the average
fluorescence is

(oe]
NE(r =0) = OexclexcKexe J Np(I=0,t)dt = o—echexce_tG/Tﬂ/ (57)

tg

such that

—t
Ys = 0-deplo-excIexctdutye g/Tﬂ/ (58)
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Figure 43: Saturation intensity reduction in time-gated pulsed STED. The
ratio of average saturation intensities of time-gated pulsed STED

and conventional pulsed STED, IE/ 9 and 1Y, showing that for
conventional pulse durations and fluorophores the saturation in-
tensity is lower in time-gated pulsed STED.

indicating that more depletion photons will be required for a longer
ty than with short pulses and no time gating. This is shown in fig-
ure 44, which suggests that for any pulse duration pulsed STED will
outperform time-gated STED in terms of photon efficiency. This met-
ric does not take into account other benefits associated with time
gating which include reduced effect of temporal jitter and reduced
background from scattered light.

—— Tg=1 NS —— Tg=2 NS —— T=3.5 NS

1
B2 0.9 F
o>
52081
7 | | | | J
075 0.2 0.4 0.6 0.8 1

tp/ms

Figure 44: Time-gated pulsed-STED is less photon-efficient than pulsed-
STED. Although the saturation intensity is lower in time-gated
pulsed-STED the reduction in signal due to not collecting all flu-
orescence suggests that this is less photon efficient. This does not
take into account other benefits of time-gating, including reduc-
ing the affects of temporal jitter. In this plot tg = t,
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4.3.7 Summary

The suppression factor, peak and average saturation intensity and
photon efficiency are summarised in table 3. time-gated detection in
cw-STED reduces the saturation intensity and increases the photon
efficiency by factors of 0.49 and 1.29, respectively (for an optimum
time gate of tg = 0.467¢), implying that time-gated cw-STED outper-
forms conventional cw-STED.

Comparing saturation intensity and photon efficiency in time-gated
cw-STED to equivalent values in pulsed-STED (short pulses) gives

I? Tl Tfl
Igw/tg 0.49(e — Ntauty tauty o9
o)
Ys  tauryle—1) Tfl
wrig = oo ~133——, (60)
,YS £7Tf1 tduty

For standard 40 MHz or 80 MHz lasers used in STED, tq+y is 25 ns
and 12.5 ns, which are greater than the lifetime of most fluorescent
dyes (3.5 ns for ATTO647N). Therefore pulsed STED will typically
have a lower saturation intensity and higher photon efficiency than
time-gated cw-STED, giving a better resolution for a given depletion
power or photon dose.

Time-gated detection can also be used in pulsed-STED. This re-
duces the saturation intensity when pulse durations are long relative
to the fluorescence lifetime, however this leads to reduced photon effi-
ciency compared to pulsed-STED. The main benefits associated with
time-gated detection include rejecting scattered light, reducing the
effects of temporal misalignment or jitter, and rejecting fluorescence
emitted by dyes with a short lifetime component [137].

4.4 PRACTICAL COMPARISON OF STED MODES

In the previous discussion STED with pulsed depletion was found
to have the lowest saturation intensity and highest photon efficiency
of the STED modes — corresponding, in principle to reduced pho-
tobleaching and photodamage for a given resolution. Another con-
straint which must be considered when developing a STED micro-
scope are the system cost and complexity, and compatible fluorescent
markers. Here the STED modes are discussed in the context of these
practical considerations.

4.4.1 cw-STED and time-gated cw-STED

STED requires an excitation and depletion laser sources which, are
spatially coaligned. The excitation and depletion lasers should be
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STED mode n Is Ys
CW'STED 1 e—1 Oexclexc OdeplTfl
(cw excitation) 1+0deptlacpitn Odepl Tl e—1
cw-STED )
1 d 1 e—1 Oexc lexe OdeplTfl
(pu se T+0geptldepiTa OdeplTfl e—1
excitation)
Time_gated ket e_cdeplIdepltG 0.49(e—1) f 1.290exclexc Odep1 TH T
cw-STED krtoaeptlaept OdeplTil (e—1)
Pulsed STED K1+ Ogeptlaepre L %deptidepUtp . .
kfi+0deptldept
Pul TED _
tltseiST | ~ e~ 9deptlacpity - O_deplltdutg ~ GexelexeOdepttauty
2 fl
Time-gated
— I t 1 —t
pulsed STED e Odeplideptip Saemtans | OexclexcOdepitautye 6/Tn
(tp < tg)

Table 3: Summary of supression factors and saturation intensities in dif-
ferent STED modes. The suppression factor n(Igept, tp, tg), aver-
age saturation intensity Is(Tf1, tquty) and photon efficiency ys are
described for all STED modes. T indicates values found analytically
for tqg = 0.467¢. * indicates where a simple solution does not exist
due to the dependence of 1 on pulse duration or time gate length.

at the excitation and depletion wavelengths of the fluorophore and
have sufficient intensity for efficient excitation or depletion (excita-
tion ~100 uW [83], depletion 10-100 mW [23], section 4.3.2). cw-STED
can work with cw or pulsed excitation lasers, although time-gated cw-
STED is limited to pulsed excitation only. As relatively low laser pow-
ers are required for excitation this imposes very few constraints on
laser sources in terms of cost or wavelength selection. Low cost diode
lasers can be used, as well as flexible solutions such as supercontin-
uum sources, which allow tuning of the excitation wavelength. Multi-
photon excitation can also be used which allows imaging in thick
samples and reduced autofluorescence from biological samples [142,
146].

The range of available depletion lasers is constrained by the require-
ment for high laser powers at the correct wavelength. For cw-STED
there are now a range of commercially available sources for common
depletion wavelengths (590 nm and 775 nm) at relatively low cost.

As with any confocal laser scanning system, beam quality of both
excitation and depletion lasers should be considered. For time-gated

cw-STED a depletion laser with low intensity noise should be used [147].

There is additional complexity in time-gated STED as either a time
correlated single photon counting module [36] or a photon counter
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coupled to an FPGA must be used to allow time resolved detec-
tion [138]. This must be triggered by the excitation laser.

Overall cw-STED is a simple and relatively low cost implementa-
tion of STED microscopy that can be designed for imaging common
fusion proteins (YFP, depletion 590 nm) or organic dyes (ATTO 647N,
depletion 775 nm). The cost and complexity associated with STED op-
timised for either target is similar, such that a STED microscope can
be designed for fluorescent target — although this must be decided
before the microscope is designed or purchased.

The addition of time-gated detection adds to the cost of the micro-
scope but reduces the saturation intensity by approximately 50% and
increases photon efficiency by 30%. This is generally considered to be
worthwhile.

Until the recent development of lower cost, high power pulsed
diode and fiber lasers, time-gated cw STED was used in many com-
mercial STED systems.

4.4.2 Pulsed STED

As previously discussed, pulsed-STED has a better theoretical perfor-
mance than cw-STED and has generally been found to achieve better
resolutions [138]. The instrumentation requirements for pulsed STED
can, however, be challenging compared to cw-STED. Pulsed STED re-
quires the combination of two time synchronised laser pulses. The
excitation and depletion pulses must be of the correct duration (50—
70 ps and 100-300 ps respectively) and the depletion should arrive
immediately after excitation, for maximum efficiency. The repetition
rate should also be high for faster imaging — typically ~20-80 MHz is
used [97, 139].

Further to the experimental challenges of temporal coalignment, a
further restriction in pulsed STED is the availability of lasers with suf-
ficiently high pulse power for STED at relevant wavelengths. A com-
monly used depletion source in home-built systems is the titanium
sapphire laser (Ti:S). A Ti:S laser emits 100 fs pulses with a repetition
rate of 76 MHz and powers of up to 3 W. The wavelength range of a
Ti:S laser can be 700-1040 nm [89], therefore this system is limited to
red and near infrared dyes such as ATTO 647N and STAR 600. Fur-
ther experimental complexity is introduced when using a Ti:S laser
as the pulse duration is of the order of 100 fs, which is too short for
STED depletion and needs to be stretched by propogation through
glass and through an optical fibre.

For live cell imaging pulsed STED has generally been limited to
green fluorescent proteins [128], due to the limited availability of
dyes and fluorescent proteins with good photophysical properties for
STED [109]. Until recently pulsed STED on commonly used green
dyes and fluorescent proteins required an optical parametric oscilla-
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tor (OPO) pumped by a titanium sapphire laser to generate shorter
wavelength pulses [148]. Although this enables research on tissue
slices [5, 127] and living mouse brains [128], this technique is costly
and beyond the reach of many labs.

New developments in fluorescent labelling technology for STED
have generated fluorophores which are compatible both with infrared
STED and live cell imaging. The silicon rhodamine (SiR) dye series [30—-
33] for instance have enabled a range of studies in live cells.

4.4.3 Perspectives

Laser technology

New laser sources have been developed recently for STED microscopy.
These are typically pulsed fiber lasers, some of which have tunable
repetition rates and pulse durations and can be externally triggered.
Sources are available that operate at 775 nm and 590 nm with good
pulse durations for STED and lower cost than a Ti:S laser or OPO.

These new laser sources reduce the cost and complexity of pulsed
STED and, although few systems using this technology have been
published, they are likely to make pulsed-STED, particularly, on fluo-
rescent proteins more achievable for many labs.

Long lifetime fluorescent dyes

As previously discussed, the ratio of saturation intensity in time-
gated cw-STED and pulsed STED is

ISp i Tfl
ISGcw 049(6— 1)tduty ’

(61)

State-of-the-art pulsed STED systems use lasers with a duty cycle of
12.5 ns or 25 ns. Based on the above, cw-STED would have an equiv-
alent saturation intensity for dyes with a lifetime of 10 ns or 20 ns,
respectively. Pulsed-STED imaging of nitrogen vacancies in nanodi-
amonds (with 11 ns lifetimes) has achieved 8 nm resolution [149]
and 10 ns lifetime organic STED dyes are being more commonly re-
ported [150, 151], which should theoretically allow time-gated cw-
STED experiments with comparable performance to current state-of-
the-art pulsed-STED systems.

4.4.4 Conclusions

In this section the mechanisms through which pulsed STED, cw-STED
and time-gated STED enhance resolution in STED microscopy were
discussed with the aim of selecting the optimal method for this work.
The saturation intensity and photon efficiency were considered. By
considering a simple expression for photon efficiency a theoretically

73



74

THEORETICAL AND PRACTICAL COMPARISON OF STED AND RESOLFT TECHNIQUES

optimal time-gate for time-gated cw-STED could be found as o0.47
fluorescence lifetimes. This allows the estimation of Is and ys for
time-gated cw-STED and the direct comparison to pulsed STED. Cal-
culated optimal time gates agree with previously published works in
which time-gated STED is used [137].

Direct comparison of cw-STED and time-gated cw-STED suggests
that, for optimal time gates, time-gated cw-STED will have better reso-
lution for a given depletion intensity and will have a lower total deple-
tion photon dose. For current state-of-the-art STED dyes, STED with
pulsed depletion has a lower average saturation intensity than time-
gated cw-STED as well as higher photon efficiency, at the expense of
increased cost and experimental complexity. New laser sources are be-
ing developed which decrease the cost and experimental complexity
of pulsed STED, as well as new organic dyes which allow cw-STED
to achieve comparable resolutions as current state-of-the-art pulsed
STED.

Time-gated detection in pulsed STED has little effect on the sat-
uration intensity unless long depletion pulses are used. Time-gated
pulsed STED has a lower photon efficiency than conventional pulsed
STED, although this reduction is relatively small. time-gated detec-
tion rejects scattered light from the excitation and depletion laser, as
well as short lifetime components of fluorescence emission, and is
less sensitive to the temporal alignment of excitation and depletion
pulses.

The analysis presented here suggests that pulsed STED is the high-
est resolution STED technique with the lowest depletion intensity re-
quirements. This imaging mode is the most experimentally complex.
A further constraint associated with this STED technique is that the
lasers required for STED on fluorescent proteins are expensive and
beyond the reach of most labs. Finally, although the average deple-
tion intensity is lowest, the peak depletion intensity is the highest of
all STED modes. An alternative technique, RESOLFT (or reversible
saturable optical fluorescence transition) has been proposed [38, 105,
152], which is lower cost, can be used to image fluorescent proteins
and uses low (comparable to confocal) laser intensities for depletion.
The theoretical performance of this technique is also considered in
the following section.

4.5 RESOLFT
4.5.1  Theoretical discussion of RESOLFT

Suppression factor in RESOLFT

For the suppression factor, t = 0 is considered as the start of stage 2
(figure 22a). It is assumed that at t = 0 the probability of a fluo-
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rophore being in the on state (S§'* or S§*) is 1 (Non(0) = 1). The

population of each on state, 38/115, is given by

8}15“) = €0,1 Non(t)r (62)

where €7 is the probability a molecule, which is in the on-state, be-
ing in S§'S or S¢'.

As the transition between the on state and off state is much slower
than the internal, fluorescent, transitions (analagous case to that dis-
cussed in [78]) it can be assumed that €p 7 will reach a steady state
allowing €7 to be written as

Gexcldepl

€1 = ’
O-echdepl + ke + Ksw

(63)

where [4¢p1 is the intensity of the depletion laser (operating at the ex-
citation wavelength). This allows the rate of change of the population
of the on state to be written as

dNgon O—echdepl.ksw
dt swHlon 0-echdepl + kfl + ksw on ( 4)
Solving this gives
__ vexclgeptow
Non(Ideplr t) =e Texclaepttintiow ” (65)

As the on state is long-lived, the population is assumed not to de-
cay in the absence of a depletion beam Ngon(Igept = 0) = 1. The
suppression factor is therefore

oexcl ep ksw
Non (Iaept, V) =e "exclaepdﬁklﬂ*kswt. (66)
Non(Ideplzt = O) =1

T]:

Saturation intensity

The saturation intensity can be shown to be

IS _ Ksw + kg1 ~ ksw + kfl (67)
Gdepl(kswtdepl —1 ) Gdeplkswts ’

where t; is the duration of the depletion part of the RESOLFT cycle
and is much larger than 1/ks,, (necessary for the system to reach
a steady state). ts can also be considered as the saturation time at
a given depletion intensity. The saturation intensity of a fluorophore
with kg =2 x10% s and kg, = 7 x 10* s~ (estimated for rsEGFP2
from data presented by Wang et al. [113]) is shown in figure 45.
For a depletion intensity comparable to confocal microscopy (10 kWem™—2 [35,

81]) the saturation time for rsEGFP2 is 583 us. This corresponds to a
total photon dose of 1.4 x 10'?. The total number of depletion pho-
tons in RESOLFT (EsRESOLFT = Istqep1) per cycle can be compared to
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Figure 45: Saturation intensity in RESOLFT microscopy. The saturation in-
tensity calculated from the simple model derived in this work.
rsEGFPz2 is a faster photoswitcher than rsEGFP and therefore will
have a lower saturation intensity for a given depletion time. kg,
is estimated based upon data presented by Wang ef al. [113]

the corresponding value in pulsed-STED (EE_STED = Istquty). As-
suming the depletion cross section is the same in both cases gives

RESOLFT
Es ~ ksw +kfl

S kg, (68)

suggesting that the depletion photon dose per cycle will always be
larger in RESOLFT.

However, unlike in STED, the same fluorophore can emit multiple
fluorescent photons per cycle, meaning that fewer cycles may be re-
quired and photon efficiency — signal photons per depletion photons
— must be considered.

Photon efficiency in RESOLFT

The number of fluorescent photons emitted during the read out part
of the cycle (t = 0) when the read out laser is activated, duration tg)
at the centre of the PSF is

tr
NF = 0-actIacttactJ' kflelNon(t)dt
0

kf[ (] B e* kSWUdE]glIR tR) (69)

Ksw Tk
= 0~actIacttactk swiket
sw

where Iy is the intensity of the read out beam, oqctlacttact is the
number of fluorophores photoswitched into the on state during the
activation phase and the rate of excitation is much less than the rates
of photoswitching or fluorescence.

The photon efficiency is the total fluorescence read out per deple-
tion photon

ksw+kgy

= (0]
ES ksw + kfl (7 )

v N GactIacttactO—deplkﬂ <] ewtk>
S . - .
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Which can be compared to the photon efficiency in pulsed STED
(equation 52) where the Iqct,tact have been chosen such that the
number of fluorophores in the on-state is comparable to pulsed STED:

ysRESOLFT ke 7k51:V°'dekplIR tr
—STED T—e Fowikn (71)
VIS) Ksw + ket

The photon efficiency varies as a function of the total number of read-
out photons (Ig x tg). Setting the read out intensity to 10 kWcm™—?2
(chosen to be comparable to confocal microscopy ( [35, 81]) the evolu-
tion of the photon efficiency in RESOLFT with readout time is shown
in figure 46. Parameters used in the simulation are given in table 4.

1

@)
=081 |
i
R 06 |
~
]_.
m04) |
O
S02 —1sEGFP (k,,=7 x 10*s™") ||
" rsEGFP2 (K, =2 x 105 s7)
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Figure 46: Photon efficiency in RESOLFT, including depletion photons
only. The ratio of ys in RESOLFT and pulsed STED showing that
STED and RESOLFT have comparable ys for a long read out cy-
cle. This plot assumes that only depletion photons contribute to
Ys. The read out intensity is 10 kWem 2. kg, is estimated based
upon data presented by Wang et al. [113]

Parameter Value Comments and reference

Oexc 10710 cm? Absorption cross-section, range 10~ ""-1071"7 cm? quoted in [81]
Ir 10 kWem—2  Same excitation intensity Iexc used in STED (table 2)

T 3.5x10 7 s  Fluorescence lifetime of common fluorophores [81]

Odepl 10 '® cm?  Typical depletion cross-section quoted in [23]

Adepl, AR 491 nm Depletion and read out wavelength of rsEGFP2 [106, 112]

NA 1.4 Numerical aperture of common high resolution objective

Table 4: Typical values of parameters effecting resolution in RESOLFT.

The photon efficiency tends towards the same photon efficiency as
pulsed STED for long readout time (of the order ms) as more fluores-
cence is read out. In this case the photon dose for readout becomes
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comparable with the photon dose for depletion. Therefore it would
be more correct to write equation 70 as

NF GactIacttactGdeplkfl 7Mt;¢
Es +Irtr  ksw + kit + 0dgeptkswlrtr

(72)
The activation photon dose is assumed to be negligible. Again this is
compared to pulsed STED and plotted in figure 47. This plot suggests
that there is an optimum readout time for RESOLFT, as well as that

the photon efficiency is lower than in pulsed STED - but can be better
than time-gated cw-STED.
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Figure 47: Photon efficiency in RESOLFT, including depletion and read-
out photons. When readout photons are included there is an op-
timum tg (for a given readout intensity). The photon efficiency is
also generally less than STED. As only the depletion photon dose
scales with the resolution in RESOLFT the theoretical optimum
readout time and photon efficiency changes depending on the de-
pletion conditions. The photon efficiency of time-gated cw-STED
is illustrated as a dashed line.

When including readout photons in the photon efficiency it is im-
portant to note that only the depletion photon dose changes if an
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increased resolution is required. For higher resolution the theoretical
optimum readout time decreases and the photon efficiency — relative
to STED with equivalent resolution — increases.

Notably the theoretically optimum depletion and readout times in
RESOLFT are in the range of milliseconds. This is significantly longer
the pixel dwell times commonly used in STED or confocal microscopy.
In spite of the reduction in average intensity, and therefore non-linear
photodamage, the increase in dwell time leads to lower overall pho-
ton efficiency than pulsed-STED, and therefore comparable total pho-
ton dose. Further study is required to understand the relative contri-
butions of linear and non-linear photodamage and this is beyond the
scope of this work.

In the following section the practical considerations in RESOLFT
are discussed.

4.5.2  Practical considerations in RESOLFT

Intrumentation

Due to the lower intensities used in RESOLFT there are fewer con-
straints on the laser sources used than in STED. In general the main
requirement is that the laser can be switched on and off for durations
of tens of us, as well as electronics to control this. A further consider-
ation is that, unlike STED, RESOLFT usually requires 3 lasers (activa-
tion, depletion and readout lasers) to be spatially coaligned making
spatial alignment more challenging than in STED.

Imaging speed

As discussed in the previous section for efficient super-resolution
imaging RESOLFT currently requires long pixel dwell times of the
order 0.09—2 ms [106, 107, 112] depending upon the laser intensities
used. Modelling in the previous section suggests that increasing the
photoswitching time constant k., will reduce pixel dwell time [153].

Current pixel dwell times are long compared to STED microscopy
where dwell times of the order 30 us are typically used. The dwell
times in RESOLFT make imaging large fields of view or 3D volumes
challenging.

However the low intensities required for RESOLFT permit par-
relised RESOLFT imaging with 1000 vortexes for faster imaging [154],
although this system is relatively complex.

Fluorescent labels

The reversibly photoswitchable rsEGFP2 [106] is the most commonly
used fluorescent protein in RESOLFT due to its faster off-switching
kinetics. For two colour RESOLFT imaging a red fluorescent protein
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rsCherryRev1.4 [112] was developed and has been used to demon-
strate two colour RESOLFT imaging, although this fluorescent pro-
tein has a lower ks,, and therefore requires longer imaging times.

A positive photoswitching protein, kohinoor, has been recently de-
veloped [Tiwarizo15] that uses three independent wavelengths for
on-switching, off-switching and fluorescence readout.

Switching fatigue

Reversibly photoswitchable fluorescent proteins can typically only
undergo 250 switching cycles before their intensity is reduced by a
factor 2 [104]. This limits the number of images which can be taken
in a time series or when taking a 3D image.

Fluorescent proteins such as GMars-Q [104, 113] have recently been
developed for long-term imaging due to their reduced switching fa-
tigue.

Residual fluorescence

It has been reported that there remains a fluorescent signal from flu-
orophores in the off state. For rsEGFP2 this off state fluorescence is
of the order 2—3% of the signal from on state fluorophores [153]. This
signal will degrade the resolution and may increase the number of
switching cycles and the amount of photobleaching.

4.5.3 Summary

The new theoretical framework developed in this section to describe
the saturation intensity in RESOLFT allows a simple calculation of
photon efficiency. Using the expression for photon efficiency it can be
seen that the photon efficiency in RESOLFT varies as a function of the
readout time. An optimum readout time can be determined from this
model, based upon the photoswitching time constant, fluorescent life-
time, readout intensity and target resolution. This framework would
allow the estimation of optimal parameters for RESOLFT imaging.

The photon efficiency in RESOLFT is less than the equivalent value
for pulsed-STED but RESOLFT uses lower cost and lower intensity
cw-laser sources. Although an extra laser source is required in RES-
OLFT the overall experimental complexity is lower due to simpler
temporal alignment. The imaging speed and the current lack of bright
photostable reversible switching fluorophores limits the viability of
RESOLFT for many experiments.
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4.6 CONCLUSION

The four main STED modes were considered in this section. Of these
pulsed STED was found to have the highest photon efficiency. This
technique is also the most complex and uses the highest peak laser
intensities.

Pulsed STED was compared to the RESOLFT technique which was
found to have a lower photon efficiency. RESOLFT is known to have a
longer acquisition time and is currently limited to fluorophores which
exhibit low photostability and brightness.

Based upon this pulsed-STED is chosen as the preferred technique
to develop for this project. A major trade off with pulsed STED is that
the most common implementation, using near-infra-red depletion, is
optimised for far red dyes and is not compatible with common flu-
orescent proteins [109]. Alternative instruments for STED GFP and
YFP imaging can be built but are more costly [5]. Recently devel-
oped SiR dyes can be used for imaging live cells with near-infra-red
depletion. These are optimised for directly targeting cellular struc-
tures such as actin and tubulin but SNAP tag conjugates are also
available allowing any cellular target expressing SNAP-tags to be la-
belled [101].

In the following section a pulsed STED microscope optimised for
far red organic dyes will be designed and implemented.
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5.1 INTRODUCTION

Aim

In this chapter a pulsed STED microscope is developed for super-
resolution imaging living cell cultures or cleared tissue. Design con-
siderations including laser sources, vortex beam generation and tem-

poral alignment are discussed and the spatial resolution of the system
is tested.

Motivation

In the previous chapter the relative merits of the different STED and
RESOLFT modes were discussed. Models for photon efficiency of all
modes suggests that pulsed STED is the optimum approach.

In practice a pulsed STED system requires pulsed excitation and
depletion sources to be temporally aligned. The most established and
widely used depletion laser source in custom STED microscopes is
the titanium sapphire (Ti:S) laser, which typically features a pulse
duration of 100 fs. The optimal pulse duration for depletion has been
found to be 100-300 ps [39], therefore the femtosecond pulses must
be stretched in time.

Finally it is necessary to generate the STED depletion pattern and
to coalign this with the excitation beam. For optimal performance the
depletion pattern should be a vortex with a strict intensity minimum
at the centre and steep intensity gradient. Spectral broadening and
optical aberrations, particularly those iduced by thick or scattering
samples, degrade the intensity minimum and should be minimised.

Structure

In this chapter the design and implementation of a STED microscope
is described in which these challenges are addressed. Temporal syn-
chronisation between excitation and depletion lasers is achieved by
generating a supercontinuum source using the depletion laser from
which excitation lines are selected. Excitation lines are, therefore, in-
herently synchronised with the depletion laser. Depletion and exci-
tation pulses are temporally coaligned using an optical delay line.
Correct pulse durations are obtained by dispersing pulses in glass
and in optical fiber. Spatial coalignment and aberration correction are
controlled by a spatial light modulator (SLM). The resolution of the
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microscope is tested and found to be of the order of 50 nm in ideal
conditions.

5.2 STED IMPLEMENTATION

A schematic of the STED microscope is shown in figure 48, part num-
bers and manufacturers are provided in the figure caption for key
components.

In brief the system is based upon a commercial RESOLFT micro-
scope provided by Abberior instruments (Gottingen). A titanium sap-
phire laser (Ti:S) operating at 765 nm is used as the depletion laser.
The power from this source is divided between two optical paths. One
path is the depletion path. In this path laser pulses are temporally
stretched by propagation in 50 cm of SF66 glass and 100 m polarisa-
tion maintaining single mode fiber. A spatial light modulator (SLM)
is used to spatially shape the beam into a vortex beam and correct
aberrations. An optical delay line is used to control the arrival times
of depletion pulses relative to excitation pulses.

The second path is used to generate the excitation beam. The pulsed
laser pumps a photonic crystal fiber (PCF), generating a supercontin-
uum. From this an excitation line at 640 nm is selected. This tempo-
rally stretched by propagation in a 30 m optical fiber. Both beams are
then coaligned in the image plan of a microscope.

The microscope frame is an Olympus IX83 and the imaging ob-
jective is a 100X/1.4NA oil immersion objective (UPLSAPO 100X,
Olympus). Beam scanning is performed using galvanometric mirrors
(Quad scanner, Abberior instruments). These allow a 80 x 80 pum?
field of view (FOV) to be scanned with a line frequency of up to 2
kHz. Two avalanche photodiodes (SPCM-AQRH Excelitas technolo-
gies) are used. One is used for STED fluorescence detection (emission
filter: ET685-70, Chroma). The second photodiode is used to detect
fluorescence from green or UV dyes, with confocal resolution. Flu-
orescence excitation is from a 405 nm (Cobolt-06-MLD-405 nm) or
488 nm (Cobolt 06-MLD-488 nm, Cobolt) diode laser. Fluorescence
emission is separated from excitation using a dichroic mirror (zt-594-
RDC, Chroma) and emission filter (Brightline HC 550/88, Semrock).

The design, implementation and characterisation of sub-systems
used for STED are described in detail in following sections.

5.3 TEMPORAL COALIGNMENT OF EXCITATION AND DEPLETION
BEAMS

5.3.1 Effects of temporal alignment on suppression factor

In pulsed STED excitation and depletion must be temporally syn-
cronised for optimal depletion. Illustrative examples of the effects of
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Figure 48: Schematic of STED system. Ti:S laser (Mai-Tai, Spectra-physics)

is tuned to a wavelength of 765 nm; a half-wave plate (HWP) is
used in conjunction with a polarisation beam splitter (PBS, Thor-
labs) to control the optical power in the depletion channel and
excitation channel. In the excitation channel, light is focused on
a photonic crystal fibre (PCF, SCG-8oo, Newport). This generates
a supercontinuum. A 640 nm (bandwidth 8 nm) line is selected
using a bandpass filter (LDo1-640/8-12.5, Semrock) and this is fo-
cused into a polarisation maintaining single mode fibre (PM-SMF,
Thorlabs)) to stretch the pulse in time. Depletion light propagates
along a motorised variable delay line (Thorlabs) and through a
SF66 glass block to pre-chirp the pulse before it is sent through
a polarisation maintaining single mode fibre (PM-SMF). Deple-
tion light is sent through a phase mask (spatial light modula-
tor, SLM, Hamamatsu) to generate a vortex beam. Both beams
are recombined in a confocal microscope (Arberrior instruments).
The vortex beam can be imaged using scattered light from gold
nanoparticles detected by a photomultiplier tube (PMT). Fluores-
cence emission is imaged onto a pinhole (PH) and detected on
an avalanche photodiode (APD). STED emission is detected on
APD 2. Continuous wave 488 nm and 405 nm laser sources are
also available for confocal imaging of GFP or DAPI — fluorescence
emission from these fluorophores is detected on APD 1.
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arrival times of excitation and depletion pulses (approximated as top
hat functions of width 50 ps and 300 ps) are presented in figure 49
for a depletion intensity of Is. The suppression factor increases for
incorrect offset suggesting the need for stable and precise temporal
alignment in pulsed STED/

—lgepr =0 ——no offset
—— offset = +50 ps —— offset = -50 ps

1 T T I

| | | | |
OO 50 100 150 200 250 300

Time after excitation pulse (ps)

Relative population of excited state

Figure 49: Effect of temporal alignment on decay curves in pulsed STED.
Decay curves for STED microscopy with rectangular excitation
and depletion pulses (durations 50 ps and 300 ps). Three deple-
tion pulse arrival times are considered. Immediately after the
excitation pulse (no offset) 50 ps after the exciation pulse (off-
set = +50 ps) and 50 ps before the end of the depletion pulse
(offset = -50 ps). The suppression factor increases for pulses ar-
riving before or after the depletion pulse, compared to no offset
(1.02 (+50ps), 1.06 (-50ps)). The depletion intensity used in this
plot is Is.

Here the temporal alignment of excitation and depletion pulses
is discussed and excitation and depletion sources which allow for
temporal alignment with low jitter are implemented.

5.3.2 Time synchronised excitation and depletion pulses through supercon-
tinuum generation

Time synchronised excitation pulses are commonly generated using
a diode laser that is electronically synchronised with the depletion
source [99]. Laser drivers used in pulsed STED have a temporal jitter
of 20 ps corresponding to approximately 2% noise on the suppres-
sion factor. Laser diodes can only operate at fixed wavelengths so
this does not allow the system to be adapted to image a range of
fluorophores [99].
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A more flexible system is to use the Ti:S as a depletion laser and to
use some of the power to pump a photonic crystal fibre. This gener-
ates a super-continuum, which includes a broad range of wavelengths
and is inherently time synchronised. One, or more, of these wave-
lengths can be selected for fluorescence excitation. Different excitation
— and depletion — lines can be selected for different fluorophores [99,
155]. Temporal alignment can then be precisely tuned using an opti-
cal delay line. Pulses are generated from the same source and their
arrival times controlled only by optical path length. A large change
in optical path length (for example 1 mm) corresponds to a small
change in arrival time (3.3 ps). This system is therefore more stable
than an electronically triggered system.

For this STED microscope a supercontinuum is generated by pump-
ing a photonic crystal fibre (PCF) with the depletion laser. A com-
mercial PCF (SCG-800, Newport) was selected, which has a zero-
dispersion wavelength of 750 nm, such that depletion pulses of wave-
length greater than 750 nm will operate in the anomalous disper-
sion regime, which is generally used for super-continuum genera-
tion [156]. This fibre has been used in previous reports of STED mi-
croscopy [89].

In a PCE, light propagates along a narrow (1—2 pum) core. This gives
a large intensity, leading to a range of non-linear effects including
Raman scattering, four-wave mixing, self phase modulation and soli-
ton generation [156]. A combination of these effects generates new
spectral frequencies. A review of the physics of supercontinuum gen-
eration can be found here [157].

The PCF is a tapered fiber, such that the core diameter is larger at
the input and output of the fibre than in the middle. This simplifies
coupling into the fibre and reduces the likelihood of damage due to
dust at the entrance to the fibre, ensuring the long term reliability of
the system.

The PCF is mounted on an XYZ translation stage (M-562F-XYZ,
Newport). By selecting in and out coupling objectives that match the
numerical aperture of the fibre (NA=0.4, M-20X, Newport) and ex-
panding the depletion beam to fill the back aperture of these objec-
tives it was found that coupling efficiencies of 60-70% were repeat-
ably achievable.

To ensure that this PCF is suitable for generating STED excitation,
the supercontinuum spectrum is measured for a range of pump pow-
ers and wavelengths. This fiber must generate sufficient intensity at
the excitation wavelength (640 nm). The pump wavelength to gen-
erate this excitation line should be suitable for STED (750-780 nm)
and the pump power should be sufficiently low that sufficient energy
remains available for the depletion path.

For testing of the PCF, a spectrometer (USB 4000, Ocean Optics)
was used to measure the spectrum at the output. Neutral density and
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infra-red filters were used to remove the pump wavelength and to
prevent saturation of the spectrometer. The PCF was tested at a range
of wavelengths and pump powers.

The supercontinuum spectrum was measured as a function of pump
power and wavelength. The pump wavelength range was between
760 nm and 820 nm. Typical two dimensional plots of the super-
continuum spectrum as a function of pump power are presented for
pump wavelengths of 780 nm and 820 nm in figure 50. These are sim-
ilar to spectra measured for other wavelengths. The spectra shown
here correlate with those shown in the application note for the fi-
bre [158].

Output power mW nm™
0.6
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Pump power / mW Pump power / mW
(a) 780 nm pump (b) 820 nm pump

Figure 50: Typical 2D plots of super-continuum spectrum as a function of
wavelength. Typical plots showing that for larger pump powers
the spectrum of the generated super-continuum is more intense
and slightly blue shifted. There does not appear to be a significant
difference between pump wavelengths. The pump wavelength
has been removed using a short pass filter. Colour bar applies
to both plots.

Figure 51 shows the spectrum of the PCF when pumped at 780 nm
at a range of powers up to 301 mW, close to the maximum recom-
mended pump power. This is overlaid with the bandpass of the exci-
tation filter (640 £ 8 nm) for the ATTO 647N dye (LDo1-640/8-12.5,
Semrock). Pump powers of 160 mW and 301 mW produce similar
output powers at 640 nm. A pump power of 160 mW was chosen
for the STED microscope as this will generate adequate power (up to
500 uW in the back aperture) for excitation and is below the damage
threshold of the fibre.

This spectrum also shows powers generated at shorter wavelengths.
Therefore other wavelengths could be coupled from this supercontin-
uum to allow, for instance, two colour STED imaging [101].
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Figure 51: Supercontinuum generated at 780 nm. This shows powers of the
order 0.2 mWnm™" at 640 nm, the wavelength that will be used
for STED. For illustrative purpose the excitation filter that will
be used, as well as the normalised absorption spectrum of ATTO
647N, are shown. The 785 nm pump was removed by an IR filter
to avoid saturating the detector.

5.3.3 Temporal alignment of depletion and excitation pulses

In figure 49 it is shown that depletion pulses must arrive after excita-
tion pulses for optimum depletion. As excitation and depletion pulses
are derived from the same source they are inherently triggered. The
arrival times of laser pulses are controlled by changing the optical
path length of the depletion laser using an optical delay line.

To allow pulses to be temporally coaligned an optical rail of length
50 cm is used in the depletion path. Coarse temporal control is achieved
by manually moving the trolley on this rail. For fine alignment a com-
puter controlled motorised linear translation stage (PT1/M-Z8, Thor-
labs) is used. To simplify alignment of the delay line and minimise
beam walk off an optical delay line mirror mount (9848-KT, Newport)
is used.

Coarse temporal alignment is achieved by measuring the pulse ar-
rival times using a fast photodiode. Arrival times are measured rel-
ative to an electronic trigger from the titanium sapphire source and
the delay line is manually adjusted to minimise the offset between
the maxima of depletion and excitation peaks.

Delays are optimised by measuring the fluorescence suppression
on a fluorescent bead sample (F8783, ThermoFisher) for different de-
lays. The delays are controlled by the motorised translation stage
moving in 1 mm steps (corresponding to a change in delay of 6.67 ps).
Three images are taken; one with excitation only, one with excitation
and depletion and a final image with excitation only — to confirm the
reduction in intensity in the depletion image is due to suppression of
fluorescence and not photobleaching. Depletion beam profile is gaus-
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sian and the excitation and depletion beams are coaligned, such that
all fluorescence can be suppressed.

The suppression is calculated by segmenting the image. A mask is
applied to the first excitation only image, to select fluorescent beads,
and then calculating the ratio of intensity in the depletion image to
the average of the excitation only images.

A plot of suppression as a function of the change in delay is shown
in figure 52. The delay line position which minimises the suppression
factor (in this case corresponding to 35 ps) is chosen. The motorised
delay stage is programmed to initialise to this position.
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Figure 52: Fluorescence suppression as a function of depletion arrival
time. This shows good agreement with the simulation based
upon equation 41 for changing depletion arrival times of Gaus-
sian excitation and depletion pulses pulses and allows the arrival
time to be optimised for this microscope system as 35 ps. Simula-
tion was performed with tgepietion=100 ps and Igep1=20ls.

5.4 TEMPORAL SHAPING OF DEPLETION PULSES

Laser pulses generated by the Ti:S laser have a pulse duration of
tp, = 100 fs. This is shorter than the pulse durations found to be
optimum for STED (50-70 ps excitation and 100-300 ps depletion).
To achieve the correct pulse durations, pulses are stretched in time by
propagation in a polarisation-maintaining single mode fibre of length
(L). The fibre lengths were selected based upon group velocity disper-
sion (GVD) inside the fibre where

42 x GVD x L\ ?

tp,

where t,, is the pulse duration after propagation through the fibre,
L is the length of the fibre and tp, is the initial pulse duration. The
fibre lengths were calculated — for a silica core fibre — to be 30 m and
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100 m for the excitation and depletion beams, respectively, giving
pulse durations of 56 ps and 100 ps.

Due to the high peak intensities of the pulses required for the deple-
tion beam, non-linear effects, particularly self-phase modulation, can
generate new wavelengths in the fibre. This spreads the energy out
over a broader range of wavelengths reducing the depletion efficiency
of the beam. The generation of shorter wavelengths can also lead to
re-excitation of depleted fluorophores. Furthermore, the phase mask
used to generate the vortex beam is wavelength dependent so new
wavelengths could reduce quality of the intensity zero. To minimise
this effect the optical power is spread out in time, prior to fibre incou-
pling. This reduces the peak intensity in the fibre. Depletion pulses
are pre-chirped (stretched in time) by propagation through two 24 cm
SF66 glass blocks (IC optical systems). SF66 glass was chosen due to
its high group velocity dispersion.

The spectrum after the fibre is measured as a function of depletion
power, for no glass, 24 cm glass and 48 cm glass (two glass blocks).
These spectra are shown in figure 53.

When no pre-chirping is used there is an increase in bandwitch
from 8 nm in the minimum power case (3 mW) to 63 nm for 294 mW
output power. Increasing the pre-chirping by adding 24 cm and 48 cm
of SF66 glass decreases the bandwidth at high intensities. The spectra
for similar powers are shown in figures 53b and 53c. Output power
of 300 mW corresponds to 29 nm bandwidth (24 cm glass) and 19 nm
(48 cm glass, 310 mW). This is typical of those used in other STED
experiments [83].

5.5 DEPLETION BEAM SHAPING

In the previous sections the temporal shaping and alignment of the
excitation and depletion beams was implemented. Next, the spatial
shaping of the depletion beam and its alignment to the excitation
beam is considered. As discussed in section 3.1.6 there are a range of
methods for generating a depletion pattern. Of these a spatial light
modulator (SLM) is preferred as a versatile solution that allows aber-
ration correction and simplifies day-to-day alignment of the system.
The implementation of the spatial light modulator is described in this
section.

5.5.1 Implementation of spatial light modulator in the depletion path

After propagation in the polarisation maintaining single mode fibre
(PM-SME), the depletion beam is expanded to fill a spatial light modu-
lator (SLM) (Hammamatsu). To minimise diffraction effects from the
pixel size of the SLM and to maintain good phase modulation, the
angle of incidence onto the SLM is minimised to ~4°.
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Figure 53: Spectral broadening of a 780 nm depletion pulse as it prop-
agates through a PM-SMF. 53a shows the spectrum of the
depletion pulse measured after propagation through a 100 m
polarisation-maintaining single mode fibre. Spectral broadening
occurs due to the high peak intensity. 53b and 53¢ show the broad-
ening is reduced when the pulse is pre-chirped by propagation
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through 24 cm and 48 cm of glass, respectively.
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The SLM is imaged onto the back aperture of the objective using
an optical relay. To ensure a diffraction limited vortex pattern, whilst
minimising power losses, the magnification of the optical relay was
selected to just overfill the back aperture of the objective.

A linear phase ramp is applied to the SLM to separate the modu-
lated light from the zero order. To reduce unnecessary light on the
sample, the zero order was removed by mounting a variable slit in
the Fourier plane of the optical relay.

5.5.2 Polarisation of the depletion beam

As previously shown by Hao et al. [91], the magnitude of the zero and
symmetry of STED vortex beams is dependent upon the polarisation
of the depletion beam, and that polarisation should be circular in
the back aperture. The polarisation of the depletion beam is adjusted
by rotating a quarter wave-plate and half wave-plate and measuring
the polarisation in the back aperture by rotating a polariser and mea-
surieng the intensity.

5.5.3 Aberration correction and day-to-day alignment using an SLM

A Matlab GUI was developed to allow the user to select a phase mask
(helical, gaussian or bottle beam) apply linear phase ramps, adjust
defocus or perform first order aberration correction.

Depletion point spread functions (PSFs) are measured by imaging
the scattered light from sub-diffraction limit (8o nm) gold nanoparti-
cles. Scattered light is deflected onto a PMT by a pelicule beamsplitter
mounted in the detection path. The pelicule beamsplitter is mounted
on a flip mount and removed from the beam path during imaging, to
prevent signal loss.

Excitation and depletion beams are coaligned by sequential imag-
ing of gold nanoparticles with the excitation beam and depletion
beam. The gradient of the linear phase ramp and weighting of the de-
focus Zernike polynomial are adjusted manually to coalign the beams.
The 3D PSF of an aberrated vortex beam has been described in detail
by Deng et al. [94] and Patton et al. [100].

The fine alignment of the STED microscope is verified by imag-
ing 100 nm fluorescent beads or 20 nm fluorescent beads. Sequential
confocal and STED imaging are used to verify that the STED PSF is
centred on the confocal PSF, corresponding to the best signal to noise
ratio. To achieve this, the depletion beam is moved with respect to
the excitation beam, by changing the linear phase, to achieve this.

Final spherical aberration and defocus adjustments must be made
on the sample which is being imaged as these are imaging medium
dependent. Both defocus and spherical aberration are adjusted, in the
GUI, such that the resolution is the best possible.
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An aberration corrected vortex beam is shown in figure 54. This
shows a homogeneous doughnut shape with an intensity minimum
in the centre. Fitting the vortex pattern to equation 16,

272
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gives w = (394 +3) nm. For w = AV and NA =1 .4, A = (764 + 6) nm,

suggesting that the vortex pattern is diffraction limited. The plot pro-
file through the centre is also shown. The residual intensity is of the
order of 3%. This residual intensity may be due to the relatively large
size (8o nm) of the gold nanoparticles used to visualise the vortex
beam, or artifacts due to incorrect polarisation [159]. If the intensity
at minimum is 3%, this corresponds to a reduction in signal to 65%
at the peak [159] (for depletion intensity of 20ls, corresponding to
50 nm resolution of ATTO 647N).
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(a) Vortex beam (b) Beam profile

Figure 54: Aberration corrected vortex beam. 54a A vortex beam after aber-
ration correction using the SLM imaged as scattered light from
an 8o nm gold nanoparticle. The scale bar is 100 nm. 54b A cross-
section through the vortex beam. A fit to this profile suggests the
vortex beam is diffraction limited. The residual intensity in the
null is of the order 3%.

5.6 RIGOROUS DETERMINATION OF RESOLUTION
5.6.1  Fluorescent bead preparation protocol

The resolution of the STED microscope is characterised by imaging
sub-diffraction limit fluorescent beads. 20 nm dark red beads are
mounted on a 1.5H coverslip by first washing the coverslip with
1M pottasium hydroxide for 20 minutes. Potassium hydroxide is re-
moved by washing with deionised water. To ensure beads adhere to
the coverslip the coverslips are incubated with poly-L-lysine for 20
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minutes and washed with deionised water. The coverslip is then in-
cubated with a bead solution for 20 minutes before excess solvent is
removed and the sample is mounted in 2,2” -thiodiethanol or phos-
phate buffered saline. Coverslips are attached to the microscope slide
using nail polish.

Bead dilution is adjusted to obtain a uniform distribution of flu-
orescent beads with density of the order 0.25 beads.um~2. A stock
solution is diluted in steps of 100 times dilution in 97% ethanol to
achieve the target concentration, typically 1:10”. At each dilution step
the beads are centrifuged to remove any aggregated beads. Beads are
taken from the centre of the tube. To ensure individual beads, the
bead solution is sonicated for 5 minutes immediately before mount-
ing [160].

5.6.2  Measuring resolution

Confocal and STED images at incremental intensities are taken with a
pixel size of 20 nm. Resolution is measured by calculating the average
full-width half-maximum of all measured beads. A 2D Lorentzian
profile is fitted to each bead and a histogram of the distribution of
their FWHM is plotted.

An average FWHM of 378 nm (standard deviation = 46 nm, 116
beads) is measured for confocal microscopy. The average FWHM is
plotted as a function of increasing depletion laser intensity. This is
fitted to the STED resolution equation. At 16 MWcm 2, the highest
intensity used, the average FWHM is 46.5 nm (standard deviation =
10.9 nm, 162 beads) suggesting an increase in resolution by a factor
of eight. This is comparable with many previously reported STED
microscope systems.

5.7 CONCLUSIONS

In this chapter the developmental steps of the STED microscop used
in this work were illustrated and design considerations explained. A
titanium sapphire laser operating at 765 nm is used both as a deple-
tion laser and to generate excitation lines through supercontinuum
generation. Both depletion and excitation pulses are stretched in du-
ration by propagation through a single mode fiber to 56 ps and 100 ps,
respectively, to minimise non-linear effects, such as two-photon exci-
tation, in the sample. Prechirping of the depletion pulse before prop-
agation in the fibre was investigated to minimise the generation of
new spectral components. Prechirping in 24 cm and 48 cm of SF66
was tested and 48 cm was found to be most appropriate, minimising
spectral broadening to 19 nm. The addition of more glass may fur-
ther decrease spectral broadening; however, design constraints of the
system have limited this. A spatial light modulator (SLM) is used to
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Figure 55: Resolution characterisation of the STED microscope. 55a, 55b
Typical STED and confocal images. Scale bars are 500 nm. 55¢ Res-
olution improves for increasing depletion intensity. The FWHM
of 100200 beads was measured by fitting a 2D Lorentzian func-
tion. Error bars are the standard deviation 55d The distribution
of bead FWHM for STED (16 MWcm 2, depletion intensity) and
confocal microscopy. Mean values were STED: 46.5 nm (standard
deviation = 10.9 nm, 162 beads) and confocal: 378 nm (standard
deviation = 46 nm, 116 beads).
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generate a vortex beam for depletion. A strategy to precompensate for
aberrations induced by the optical system and to ensure coalignment
between excitation and depletion lasersm is presented. It is demon-
strated that diffraction limited vortex beams can be produced using
the SLM with an intensity minimum at the centre of 3% of the peak
intensity.

The resolution of the STED microscope was tested on fluorescent
beads and resolutions of 50 nm are typically observed. This is less
than the localisation precision of STORM [161] but STED is less prone
to labelling artifacts and can be applied to imaging both live cells and
tissue.

In the next chapter this microscope is combined with a commer-
cial AFM to allow combined mechanical property measurements and
STED imaging on live cells. This is applied to studying astrocyte mi-
gration.

97






CORRELATIVE STED AFM ON MIGRATING
ASTROCYTES

6.1 INTRODUCTION

Aim

In this chapter the changes in cytoskeletal organisation and astrocyte
stiffness, during polarised migration is investigated, in both basal con-
ditions and in cells expressing connexin 30 (a condition found during
the late stages of development). To achieve this an atomic force mi-

croscope (AFM) is added to the STED microscope developed in chap-
ter 5.

Motivation

The morphology of astrocytes and astrocytic processes has been shown
to be important in synaptic function [162-166]. During development

astrocytes develop from migrating glial progenitor cells to polarised

highly ramified motile signalling elements [3, 7, 167]. In adults astro-

cytes undergo polarised migration in response to wounds or trauma

in the central nervous system [19, 168], and (in neuroglioma) astro-

cytes can develop into highly motile tumour cells [169-171]. Astro-

cyte morphology is also associated with the gap junction protein con-
nexin 30 (Cx30), where Cx30 knockdown astrocytes have been found

to invade the synaptic cleft, regulating synaptic strength [6].

Morphological changes in cells such as polarisation, branching or
migration are likely associated with changes in the mechanical prop-
erties of the cell, such as the cell stiffness [163]. It has also been shown
that astrocyte morphological plasticity depends upon the cytoskeletal
elements actin and tubulin [8, 172, 173].

Atomic force microscopy (AFM) is one technique which allows the
study of cell mechanical properties, including stiffness and the to-
pography of cells. However, this technique alone does not allow the
specific identification of individual elements contributing to the cell
structure. Correlating AFM with optical microscopy has been previ-
ously reported in vitro [17, 24—28], on tissue slices and on fixed or live
cells [13, 17, 24—26]. In particular, AFM has been correlated with con-
focal microscopy imaging of the actin cytoskeleton however, due to
the limited resolution, actin filaments in dense structures could not
be observed [13].

Correlating AFM images with STORM and STED super-resolution
in vitro has been previously reported and has been performed on
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fixed cells [26]. However, as yet, correlative STED and AFM has not
been applied to live cell imaging or to studies of astrocytes and astro-
cyte migration.

Structure

In this chapter a protocol for live cell STED/AFM imaging is devel-
oped to allow the correlation of astrocyte cytoskeletal structure with
membrane topography and stiffness in confluent and migrating astro-
cytes. This protocol is tested and used to investigate the contribution
of actin and tubulin to astrocyte topography is characterised by corre-
lating specifically labelled STED images of each cytoskeletal element
with the membrane topography. The contribution of actin and tubu-
lin to astrocyte stiffness is investigated by measuring the mechanical
properties of the cells in response to drug treatments that depoly-
merise the either actin or tubulin.

Having tested the system in basal conditions, the system is applied
to studying astrocyte migration. Migration is induced in astrocyte
cultures, using the scratch assay [19], and differences in stiffness be-
tween the basis and leading edge of migration are measured. Changes
in cytoskeletal structure as also considered, with the help of STED
imaging. Following on from the investigation of cytoskeletal organi-
sation, astrocytes expressing Cx30 are investigated and the effects on
polarised migration are discussed.

6.2 PROTOCOL FOR STED—AFM IMAGING ON LIVE ASTROCYTES
IN CULTURE

6.2.1 STED imaging of live cells

STED imaging is performed using the system developed in chapter 5.
To allow AFM imaging, the stage of the microscope is replaced with a
compatible AFM system (BioScope Resolve, Bruker) as illustrated in
figure 56. The optical system is unchanged. STED images are acquired
using the Imspector software (Aberrior Instruments).

STED excitation power was 10-20 UW (Aexc = 640 N, 6—12 kWem—2)
and depletion power was 100-150 mW (Agep1=765 nm, 43-64 MWcm—2),
both measured in the back aperture. At the start of each experiment
the depletion beam profile and coalignment of excitation and deple-
tion beams were verified by imaging gold nanoparticles and fluores-
cent beads as described in section 5.5.3. The imaging system was op-
timised for imaging in cell culture medium by adjusting the defocus
and spherical aberration Zernike polynomials displayed on the SLM
to obtain the best STED image, as judged by the user. Images were
acquired as z-stacks with an 80 x 80 um? lateral FOV and z height
of 1.5-3.75 um depending upon the height of the cell being imaged.
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Figure 56: Correlative STED-AFM experimental set up. 56a Conceptual
schematic of STED and AFM set up fully described in figure 48.
The AFM probe is centred on the optical field of view prior to
imaging. AFM images can then be taken in user defined regions
of interest within the optical field of view. 56b A photograph of
the STED-AFM system in situ.

The pixel sizes were 50x50 nm? laterally and 500-750 nm axially. Pixel
dwell times of 35 ps were used giving a total acquisition time of 5-
7.5 minutes per image stack.

Some STED images were combined with confocal images of GFP
or mVenus, to identify transfected cells. These images were taken
after the STED images, as the 488 nm excitation laser was found to
contribute to photobleaching of the SiR dyes [31] used for STED.

6.2.2  STED and AFM coregistration and coalignment

The AFM used was a sample scanning AFM. In sample scanning
AFM, the sample is moved laterally for AFM imaging whilst the
tip only moves axially. The STED system is a beam scanning system,
where the laser is scanned over the sample using galvonometric mir-
rors. Prior to imaging the size and orientation of the STED pixels
must be calibrated with respect to the AFM movement (coregistra-
tion), and AFM and optical fields of view must be centred on one
another (coalignment). These procedures are briefly described.

Coregistration

During the coregistration procedure, the AFM stage was translated
by the NanoScope software to three known xy positions. A confocal
image of a fluorescent bead sample was captured in each position.
A common feature from all three images was selected and the the
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transformation required to translate an optical image into an AFM
image was calculated by the AFM software. Coregistration must be
performed once per microscope objective and per pixel size (in the
optical image) and can be used for all subsequent experiments.

Coalignment

Alignment between optical and AFM images was performed for every
experiment. First, for coarse coalignment, the AFM tip was centred on
the optical field using confocal images of scattered light to locate the
AFM tip and manually adjusting the tip position. Optical images of
the tip and sample were imported into the NanoScope acquisition
software using the MIROView tool. The transformation calculated
during the coregistration process was applied by the software. AFM
regions of interest were defined based upon the optical image. Fine
coalignment was achieved by aligning features that are common to
both imaging modalities. Typically borders between cells were clearly
observed in STED and AFM. The optical image was translated, in soft-
ware, with respect to the AFM image for a good agreement between
the optical image and all AFM images.

6.2.3 AFM probes and force calibration

AFM on cells in culture or in tissue is a challenge in AFM as cells
can have a wide range of heights relative to the length of the AFM
tip [29]. This can lead to shadowing or blind spots in the image if the
cantilever comes into contact with the sample.

A turther challenge when performing AFM force measurements is
that the spring constant and deflection sensitivity of the AFM probe
must be precisely calibrated before every experiment. This process
can be time consuming and generally requires measuring the force-
distance curve on a substrate which is infinitely stiff compared to the
tip. For live cell experiments this can be measured on a region of cov-
erglass which does not contain any cells; however, any contaminants
on the surface will change the measured value. It is usually preferred
to measure the spring constant on a separate substrate. This process
can be time consuming and can be affected by user errors.

To overcome these challenges, probes recently developed by Bruker
[29] (PFQNM-LC, Bruker) were used for AFM imaging. These probes
have taller tips (17 pm) than conventional probes, to prevent the can-
tilever touching the sample. The spring constant of these probes has
been precalibrated using a vibrometer, meaning that only the deflec-
tion sensitivity needs to be measured prior to imaging. This process
is fully automated and takes less than 5 minutes, using the “no-touch
calibration” function in the NanoScope acquisition software (Bruker).
These AFM probes have been used in previous reports of AFM mi-
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croscopy for imaging soft structures such as microvilli [29] and for
measuring virus adhesion forces [12].

6.2.4 AFM imaging

AFM imaging was performed on a commercial system (BioScope Re-
solve, Bruker) using the NanoScope software. The imaging mode
used was “PeakForce QNM (PFQNM) in fluid — live cells”. The scan
rate was 0.271 lines per second and images were 256 x 256 pixels cor-
responding to 15.75 minutes per image. A field of view of 18 x 18 um?
was used for all images. Typically four AFM images were acquired
per optical field of view. Peak force setpoints were adjusted to opti-
mise the shape of the force curve and were typically 300-500 pN. The
force curve is measured and saved for each pixel for offline analysis.
An example force curve is shown in figure 57.

400 —— Approach ||
—— Retract

200 |

Force/pN

| |
0 100 200 300
Tip—sample distance/nm

Figure 57: Example measured force curve. Measured on a live astrocyte in
culture.

6.2.5 Calculation of cell Young’s modulus

The probes used in this work (PFQNM-LC, Bruker) have a spherical
tip that merges tangentially into a cone. The spherical tip has a di-
ameter of 130 nm. The cone has an opening angle of 15° [29]. The
cone-sphere model proposed by Briscoe et al. [60] describes the force
of this type of indenter and this model is used to calculate the Young's
modulus of the sample.

Every force curve during imaging was saved and analysed offline
using the NanoScope Analysis software (Bruker) producing a 256 x 256
map of Young’s modulus values (an example stiffness map is shown
in figure 59c). Cell stiffness is heterogeneous over the AFM field of
view so, to estimate the stiffness of a given region of a cell, the aver-
age stiffness in the AFM image was calculated. Where an AFM FOV
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includes multiple cells, or a cell and glass, an average value is mea-
sured for individual cells by cropping the AFM image. Where multi-
ple AFM images are acquired on the same cell, the cell stiffness is the
average of the stiffnesses of each image.

This protocol was used to combine mechanical stiffness data with
STED images of the cytoskeleton, but could be generalised to any
live-cell study.

63 CORRELATIVE STED—AFM INVESTIGATION OF ASTROCYTE CUL-
TURES IN BASAL CONDITIONS

6.3.1  Sample preparation

Primary cortical astrocyte cultures were prepared by Nathalie Rouach
and Gregory Ghezali. Following dissection cell cultivation, further
treatments and fluorescent labelling were performed by the author,
Nathalie Rouach and Gregory Ghezali. Experiments were carried out
according to the guidelines of the European Community Council Di-
rectives of January 1st 2013 (2010/63/EU) and of the local animal
welfare committee, and all efforts were made to minimize the num-
ber of animals used and their suffering.

The protocol was previously described by Koulakoff et al. [174]
and is outlined briefly here. Brains were removed from mouse CD-
1 newborn (mouse) pups (postnatal days 1—3, P1-P3). Cortices were
dissected in cold PBS-glucose (33 mM). Meninges were withdrawn
and cortices were mechanically dissociated. Astrocytes were seeded
on polyornithine-coated glass coverslips in DMEM containing 10%
fetal calf serum, 10 Uml~' penicillin, and 10 pgml~' streptomycin
(GIBCO) and incubated at 37 °C, 5% COz2. After one week, when
cells had reached confuency, 1 pM cytosine-arabinoside was added
to the cell culture for three days to eliminate proliferating microglial
cells. Medium was changed every three days. Cells were imaged after
2—3 weeks in culture.

6.3.2 Live cell STED-AFM imaging of cytoskeletal proteins

Fluorescent labelling

As discussed in section 4.4.2, sample preparation for STED micro-
scopes with near-infrared depletion is challenging due to an absence
of fluorescent proteins with suitable photophysical properties. The
recently developed silicon rhodamine (SiR) organic dyes [30-33] are
well adapted for live cell super-resolution imaging. In particular, the
dyes are membrane permeable and have low cytotoxicity [31]. The
SiR dyes have been applied to live cell STED super-resolution imag-
ing with NIR depletion due to their high brightness and photostabil-
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ity. They are also fluorogenic and therefore have a low background
due to non-specific binding [111].

Of particular relevance to this study are the dyes SiR-actin and SiR-
tubulin. These dyes are conjugated to drugs, which bind specifically
to F-actin and tubulin (desbromo-desmethyl-jasplakinolide and doc-
etaxel, respectively). Astrocytes were incubated for 1 hour in culture
medium containing 1 uM SiR-actin or SiR-tubulin. Staining medium
was removed and replaced with HEPES complemented medium prior
to imaging.

STED imaging of actin cytoskeleton

To illustrate the benefits of STED imaging, STED and confocal im-
ages of actin filaments, in live astrocytes, labelled using SiR-actin are
shown in figure 58. STED imaging allows better resolution of actin fil-
aments than confocal and resolves filaments that cannot be resolved
by confocal imaging.

(a) Confocal (b) STED

Figure 58: Confocal and STED images of actin cytoskeleton. The actin cy-
toskeleton, labelled with SiR-actin, is better resolved in STED
(58b) than in confocal (58a). This allows the resolution of indi-
vidual actin filaments and dense filament meshworks. Scale bar
is 1 pm.

Correlating AFM height and stiffness images and STED images

A typical AFM topography and stiffness map, measured on a live
astrocyte in basal conditions, is shown in figure 59. The topography
reveals a polarised structure, which is thought to be cytoskeletal struc-
tures sensed through the cell membrane. The stiffness map reveals
high and low stiffness regions, with the high stiffness regions cor-
responding to the filamentous structures present in the topography
image.
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(a) AFM height map (b) 3D height map (c) AFM Young's
(grey scale 0—402.5 nm) modulus map
(colourscale -11.4-62.5 kPa)

Figure 59: AFM force and height images of astrocytes. 59a, 50b Show AFM
topography images of the same field of view on live astrocytes.
The images show polarised fibrillar elements. 59c Map of the
Young’s modulus (stiffness) of the astrocyte calculated using the
cone-sphere model. The average stiffness is calculated for each
cell. The scale bar is 5 um.

Figure 60: Colocalisation of AFM topography and STED images. The AFM
height image represented in 59a is overlaid on the STED image
of actin in 58b showing that both modalities can be correlated to
image the same feature. Scale bar is 5 um.

AFM topography maps can be overlaid on the corresponding op-
tical images (figure 60). Furthermore, AFM topography images and
stiffness maps are already directly correlated as they were measured
from the same force curves, allowing the correlative imaging of all
three modalities. Interestingly the polarised structures in AFM topog-
raphy image appear to correlate with the fluorescently labelled actin
cytoskeleton. This is further investigated in the next section.

6.3.3 Contribution of actin to cell topography

AFM height images show highly polarised structural elements in as-
trocytes. To identify the nature of these structures they are compared
with STED images of actin from the same cell. Actin revealed sim-
ilarly polarised structures within confluent astrocytes, as shown in
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figure 61. A line profile through the optical and AFM images (fig-
ure 61b) shows that many actin fluorescence intensity peaks and AFM
peaks are co-located. This suggests that actin is a contributor to cell
astrocyte topography. Similarly the Pearsons correlation coefficient is
0.2 (figure 61c). This is in agreement with previous reports that have
suggested that this is also the case for endothelial cells [13].

6.3.4 Contribution of tubulin to cell topography

The contribution of tubulin to cell topography is contrasted with
actin. Correlative AFM and STED images of tubulin, labelled with
SiR-tubulin, are shown in figure 62. STED images of tubulin do not
show a clear polarisation orientation and the tubulin structures do
not correlate with astrocyte topography (Pearsons coefficient = 0.04,
tigure 62c). This is unlike the actin images.

6.3.5 Measurement of astrocyte stiffness

AFM stiffness measurements allow quantitative information about
cells to be determined. The application of AFM stiffness measure-
ments to live astrocytes is investigated here.

In the first instance it is verified that AFM stiffness measurements
can be performed on transfected cells as this will enable a range of
studies, for instance investigating the mechanical properties of astro-
cytes expressing Cx30. The stiffness of non-transfected astyrocytes is
compared with the stiffness of GFP expressing astrocytes.

The correlated stiffness maps allow the average stiffness of individ-
ual cells to be measured. The mean stiffness of astrocytes is measured
as 27.9 £ 2.6 kPa n = 38. The range of observed stiffness values was
high and is likely due to heterogeneity of astrocytes. It is found that
transfection with GFP does not alter cell stiffness (23.2 = 3.3 kPa,
n = 12, p > 0.05, Mann Whitney test, figure 67) and therefore that the
transfection process does not perturb cell stiffness.

6.3.6  Contribution of actin to cell stiffness

As actin contributes to the topographical structure of cells, it is in-
vestigated whether there is a similar contribution to cell stiffness. The
actin network is disturbed by treatment with cytochalasin D (30 uM, 1
hour) prior to staining with SiR-actin. Treatment with cytochalasin D
depolymerised the actin filaments as, shown in figure 64. The topog-
raphy of the cells was also changed and the polarised structures in
figure 61 were not observed.

Because actin was depolymerised, individual cells could not be
identified and GFP labelling was used to delineate individual as-
trocytes. Actin disruption was found to descrease astrocyte stiffness
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Figure 61: Colocalisation of AFM topography and STED images of actin.

61a AFM topography images (grayscale) show good agreement
with STED images of specifically labelled actin (SiR-actin). This
suggests that actin is a major contributor to the measured cell to-
pography of astrocytes. The AFM colour scale represents ranges
in height of 455 nm and 464 nm in regions 1 and 2 respectively.
The scale bars are 10 um (large image) and 5 um (small images).
61b Line profile through the dashed region. the positions of the
peaks generally agree in both imaging modalities. 61c Scatter plot
of corresponding pixel values between STED and AFM showing
a positive correlation with Pearsons coefficient = o.2.
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Figure 62: AFM topography does not correlate with STED images of tubu-

lin. 62a Tubulin (labelled with SiR-tubulin) is imaged in STED
microscopy. Tubulin images are overlaid with AFM images of the
cell topography. The cell topography shows polarised filaments
with different direction and organisation to the tubulin image.
This suggests that tubulin contributes less to cell topography than
actin. AFM images are grayscale with gray values representing
height ranges of 680 nm in region 1 and 388 nm in region 2. The
scale bars are 10 pm (large image) and 5 pm (small images). 62b
Line profile through the dashed region, showing limited agree-
ment between the peaks of STED and AFM images. 62c Scatter
plot of corresponding pixel values between STED and AFM re-
flecting a low correlation between tubulin and astrocyte topogra-
phy (Pearsons coefficient = 0.04).

(c) Correlation of pixel values
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Figure 63: Effects of transfection on astrocyte stiffness. The mean cell stiff-
ness of control (non-transfected, n = 38) and GFP-transfected as-
trocytes (n = 12), showing no significant effect of GFP transfec-
tion on stiffness (p > 0.05, Mann-Whitney test), suggesting that
the transfection process does not affect the stiffness of astrocytes.

Figure 64: STED and AFM images of astrocytes treated with cytocha-
lasin D. Actin is depolymerised by treatment with cytochalasin
D. Depolymerisation of actin (STED images) is accompanied by
changes in the cell topography relative to basal conditions. Po-
larised filaments are not observed in either imaging mode. The
grayscale AFM images represent height scales of region 1: 1394
nm, region 2: 1320 nm. Scale bars are 10 um (large images) and 5
pm (small images).
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(GFP: 23.2 £ 3.3 kPa, n = 12; GFP + cytochalasin D: 14.5 &+ 1.9 kPA,
n = 10, p<0.05, unpaired ¢ test). This suggests that, as well as con-
tributing to the cell topography, actin also contributes to cell stiffness.
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Figure 65: Effects of depolymerising actin on cell stiffness. Treatment with
cytochalasin D (30 uM, 1 h) reduced the stiffness of astrocytes
relative to control (GFP, n = 12; GFP + cytochalasin D, n = 10, p
< 0.05, unpaired f test). Asterisk indicates statistical significance
(* represents p < 0.05). GFP fluorescence was used to allow the
identification of individual cells.

6.3.7 Contribution of tubulin to astrocyte stiffness

As in the previous study the involvement of tubulin in cell stiffness
is investigated by depolymerising the tubulin cytoskeleton. Astrocyte
cultures are treated with nocodazole (16 uM, 1 hour) prior to staining.
Tubulin is depolymerised, as shown in figure 66. Again GFP labelling
is used to identify inidividual astrocytes. Unlike actin, a change in
astrocyte stiffness is not observed when tubulin is disrupted (GFP:
23.2 + 3.3 kPa, n = 12; GFP + nocodazole: 26.2 + 5.5 kPa, n = 7,
p > 0.05, Mann—-Whitney test). Overall this suggests that the actin
cytosekelton is a major contributor to astrocyte mechanical properties.

6.3.8 Discussion

In this section STED and AFM were correlated together to investigate
the contributions of the cytoskeletal proteins to the physical prop-
erties of live astrocytes. Using this method it was found, through
correlative imaging, that actin contributes to the topography of astro-
cytes. Pharmacological treatments and AFM Young’s modulus mea-
surements were used to show that actin contributes to cell stiffness
through. This is in contrast to tubulin which was not found to cor-
relate with astrocyte topography and a change in stiffness was not
observed in the case of tubulin depolymerisation.
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Figure 66: STED and AFM images of astrocytes treated with nocodazole.
Tubulin is depolymerised by treatment with nocodazole (16 uM, 1
h). Both the tubulin cytoskeleton and AFM topography different
to that in basal conditions. The grayscale AFM images represent
height scales of: region 1: 680 nm, region 2: 388 nm. Scale bars
are 10 um (large images) and 5 um (small images).
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Figure 67: Effects of depolymerising tubulin on cell stiffness. Treatment
with nocodazole (15 uM, 1 h) did not lead to a measurable change
in astrocyte stiffness relative to GFP transfected control cells (GFP:
23.2 + 3.3 kPa, n = 12; GFP + nocodazole: 26.2 + 5.5 kPa,n =17, p
> 0.05, Mann-Whitney test).
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The contribution of the actin cytoskeleton to cell topography has
been previously established on a range of cell lines [13, 175], as well
as the contribution of actin stress fibers to cell stiffness [64, 176].

The effects of tubulin on cell stiffness have been less well stud-
ied [177]. It was found here that tubulin does not contribute to astro-
cyte topography. This is similar to endothelial cells [175] however, in
contrast to this result, tubulin has been found to be a significant con-
tributor to axonal stiffness [178]. This suggests that the contribution
of microtubules to cell stiffness is cell type — or cellular compartment
— dependent.

Having demonstrated that correlative STED and AFM imaging can
be used to characterise the cytoskeleton and physical properties of
astrocytes in basal conditions, the technique is applied to investigate
astrocyte cytoskeleton organisation and physical properties during
polarised migration.

6.4 STED-AFM ON MIGRATING ASTROCYTES
6.4.1 Scratch-induced migration assay

Polarised migration is induced in confluent astrocyte cultures using
a scratch assay [19]. In brief, a wound is made in the dish by scraping
in a straight line with a 20 pL pipette tip (~300 pm). To simplify
finding the region of the wound three wounds are made in a star
shape. Astrocytes migrate in a direction perpendicular to the scratch.
Migrating astrocytes are imaged 6-8 hours after making the scratch,
when the cells will have reached their maximum migration distance.

6.4.2 Cytoskeletal reogranisation during polarised migration

A migrating astrocyte (scratch-induced) is shown in figure 68. Actin
stress fibres parallel to the direction of migration concentrate in the
leading edge of migration. Figure 69 shows the tubulin structure in
a migrating astrocyte. The tubulin cytoskeleton shows a greater or-
ganisation than in the basal condition, with polarised filaments in
the direction of migration in both the basis and leading edge of the
migrating astrocytes.

6.4.3 Subcellular changes in membrane stiffness in migrating astrocytes

To investigate whether cytoskeleton remodelling in polarized migra-
tion alters the subcellular mechanical properties, cell stiffness is mea-
sured using AFM. In this case the AFM is used to probe two different
regions of the migrating cells, the leading edge and the basis. Paired
values can be compared from the same cell and an increase in stiff-
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Figure 68: Actin reorganisation during polarised migration. STED images

(SiR-actin) of the actin cytoskeleton are correlated with AFM im-
ages. In the leading edge (indicated by red dashed line, corre-
sponding to regions 1 and 2) stress fibres pointed in the direction
of migration are observed in both images. In the basis (*, region
3) actin is less organised. AFM height range: region 1: 564 nm,
region 2: 814 nm, region 3: 942 nm. Scale bars are 10 pm (large
images) and 5 pm (small images).

Figure 69: Tubulin reorganisation during polarised migration. Tubulin is

labelled with SiR-tubulin and imaged using STED microscopy.
The astrocyte topography is imaged by AFM. STED images of
tubulin show structures in the basis (¥, region 1) and leading
edge (dashed line, regions 2 and 3) are polarised in the direction
of migration, unlike in basal conditions where microtubules are
not linearly polarised. AFM images do not correlate with STED
images of tubulin images. AFM height range: region 1: 297 nm,
region 2: 322 nm, region 3: 396 nm. Scale bars are 10 pm (large
image) and 5 um (small images).
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ness is observed in the leading edge (30.5 + 4.3 kPa, n = 16) compared
to the basis (16.3 £ 2.9 kPa, n = 16, p < 0.001, paired f test, figure 70).
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Figure 7o: Reorganisation of astrocyte stiffness during polarised migra-
tion. Cellular stiffness is increased in the leading edge of migra-
tion (30.5+4.3 kPa, n=16) relative to the basis of the protrusion
(16.3 & 2.9 kPa, n = 16, p < 0.001, paired ¢ test). Each data point
represents a stiffness measurement in the basis or leading edge.
Lines join data points from the same cell.

6.4.4 Discussion

As a result of astrocyte migration both the actin and tubulin cytoskele-
tons were found to be rearranged after more than 8 hours of mi-
gration relative to cells in basal conditions. The actin cytoskeleton
formed stress fibres in the leading edge. These actin filaments are
thought to push the cell membrane forwards [8, 179, 180]. Tubulin is
polarised in the direction of migration throughout the astrocyte.

The changes in the actin and tubulin cytoskeleton corresponded to
changes in astrocyte stiffness, an increase in stiffness was observed
in the leading edge of migration relative to the basis. The increase
in stiffness corresponded to an increase in actin stress fibres in the
leading edge. In section 6.3.6 it was shown that actin is a major con-
tributor to astrocyte stiffness. Furthermore, actin stress fibres have
previously been reported to have high stiffness [181] suggesting that
the increase in actin filaments in the leading edge of migration leads
to an increase in stiffness.

Tubulin was also found to be rearranged compared to basal con-
ditions. Although tubulin was not found to contribute directly to
astrocyte stiffness in basal conditions it is well known that tubulin
contributes to polarised migration. Tubulin has been reported to be
important in establishing the directionality of migration and the re-
modelling of the tubulin cytoskeleton is necessary to establish retrac-
tion in the basis [182, 183]. Together microtubules and actin have been
found to influence each other’s dynamics and contribute to cell mi-
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gration either by generating a force at the plus end or controlling
regulators promoting actin rearrangement [8, 184, 185].

The combination of STED and AFM to study cytoskeletal elements
and cell mechanical properties during polarised migration is a promis-
ing approach in functional cell biology. This method was demon-
strated for the simple case of actin and tubulin, for which there is
a commercial solution for direct labelling [31], but other approaches
such as SNAP-tag labelling could be used to label arbitrary protein
targets [30, 101, 186].

In the next section the STED-AFM, approach for investigations in
neuroscience is applied to the study of astrocytes and the gap-juntion
protein connexin3o.

65 CONNEXIN30, THE CYTOSKELETON AND CELL MECHANICAL
PROPERTIES

6.5.1 Introduction

Connexin3o (Cx30) in mouse models is associated with spatial mem-
ory [166, 187-189] and response to pain anxiety and stress [166, 187].
Interestingly connexin3o expression is reduced in the brains of hu-
mans suffering from major depression [166, 190] and (human) suicide
completers [166, 191]. Some of these pathologies may be associated
with the effects of connexin3o on synaptic strength, cell migration
and invasion of synapses [6].

The effects of Cx30 on migration are investigated in this section. It
has previously been reported that connexin3o colocalises with actin [21]
and, in the previous section, it was found that actin is important in es-
tablishing astrocyte stiffness and that the actin cytoskeleton is remod-
elled during migration. It has also been found that, for cancer cells,
invasive and motile cells have lower stiffness (in the central or over-
nucleus region) [176]. Taken together, this suggests that connexin3o
could be related to cytoskeletal organisation and its effects on cell
stiffness.

In this section, the reorganisation of the actin cytoskeleton and me-
chanical properties of Cx30-expressing astrocytes is investigated.

6.5.2 Actin cytoskeleton organisation of migrating CX30 astrocytes

To investigate whether Cx30 interacting with actin alters the remod-
elling of cytoskeletal structures during migration, correlative STED-
AFM imaging was performed on astrocytes labelled with SiR-actin,
as described in section 6.2. Astrocyte cultures were prepared as de-
scribed in section 6.3.1. Astrocytes were transfected with mVenus-
connexin3o or GFP 24—48 hours prior to the experiment. Eight hours
before imaging, migration was induced using the scratch assay de-
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scribed in detail in section 6.4.1. One hour prior to imaging actin
was labelled by incubation cell culture medium containing SiR-actin
(1 uM).

Following scratching the wound-edge control astrocytes initiated
polarised migration and some protruding cells formed. An example
image of a migrating control (non-Cx30-expressing) astrocyte and a
Cx30-expressing astrocyte are shown in figures 71 and 72, respec-
tively. The actin organisation and the correlation with cell topography
is discussed for the basis and leading edge of migration.

Basis

In control migrating astrocytes — those not expressing Cx30 — actin
was highly organised in an array of polarised actin fibres (figure 71).
In addition, STED images of actin filaments correlate with the as-
trocyte topography AFM images, both showing polarised structural
elements with similar orientation (Control: STED: 82°; AFM: 79°, mea-
sured using the FibrilTool FIJI macro [192]). STED images actin fila-
ments co-localise with the major polarised elements in the AFM to-
pography image.

In Cx30-expressing astrocytes, actin fibres are thinner and less dense
than in control astrocytes (figure 72). STED images of actin filaments
and AFM images of astrocyte topography also show weaker correla-
tion in the basis of cx3o0-expressing migrating astrocytes. They dis-
play different orientations (Cx30: STED: 75°, AFM: 55°, FibrilTool
FIJIT macro [192]) and the AFM topography image shows features
not present in the actin filaments. Finally correlating the values of
corresponding pixels in STED and AFM shows a higher correlection
in GFP astrocytes than Cx30 astrocytes (GFP: 0.14, Cx30 0.01, Pear-
son’s coefficient). This suggests a reduced contribution of actin to cell

topography.

Leading edge

In the migration leading edge, similar but stronger effects of Cx30
on actin fibres were observed. Whilst in control conditions stress
fibers were observed pointing in the direction of the wound, in Cx30-
expressing cells actin was less organised (figures 73 and 74 — control
and Cx3o-astrocytes respectively). Correlated AFM images also re-
vealed reduced correlation with astrocyte topography compared to
control conditions (GFP: 0.08, Cx30 0.02, Pearson’s coefficient). Over-
all this suggests that Cx30 impairs actin remodelling and the forma-
tion of stress fibres during polarised migration.
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(a) STED image of actin (yellow) correalted with AFM topography (grayscale)
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Figure 71: Actin structure in the basis of control migrating astrocyte. In the
basis actin fibres are observed to be polarised in the direction of
migration (82°, with respect to the wound — FibrilTool FIJI macro).
AFM topography maps correspond to the actin filaments and
show similar polarity (79°). 71b represents a line profile through
the dashed region showing that fluorescently labelled actin corre-
sponds to the major features in the AFM topography. 71 Scatter
plot of corresponding AFM heights and STED values showing
positive correlation (Pearsons coefficient = 0.14). The AFM colour
scale represents ranges in height of 496 nm. Dotted lines repre-
sent the leading edge, the star represents the basis. All scale bars
correspond to 5 pm.
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(a) STED

image of actin (yellow) correalted with AFM topography (grayscale)
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Figure 72: Actin structure in the basis of connexin3o expressing migrat-

ing astrocyte. Unlike the control astrocyte, in Cx30-astrocytes the
actin structure has a different polarisation to the AFM topogra-
phy. STED images of actin show a polarisation angle of 75° com-
pared to 55° in AFM. 72b A line profile (dashed line) showing
that, although some features do appear in STED and AFM im-
ages, other cellular elements, as well as actin, are involved in es-
tablishing the topography of Cx3o-expressing astrocytes in the
basis. Similarly 72c shows a scatter plot of corresponding height
and intensity values showing limited positive correlation (Pear-
son’s coefficient 0.01). The AFM height range is 385.7 nm. All
scale bars correspond to 5 pum.
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Control

(a) STED image of actin (yellow) correalted with AFM topography
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Figure 73: Actin structure in leading edge of control migrating astrocyte.
Stress fibers are observed orientated in the direction of migration.
These fibers appear in the STED and an AFM topography images
as shown in the line profile in 73b for the dashed line. Dotted line
indicates the leading edge and * indicates the basis. Scale bars
are 5 um. 73c Scatter plot of corresponding height and intensity
pixels showing small positive correlation (Pearson’s coefficient =
0.08). The AFM height map represents a range of 564 nm.
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(a) STED image of actin (yellow) correalted with AFM topography (grayscale)
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Figure 74: Actin structure in leading edge of connexin3o-expressing mi-
grating astrocyte. Fewer stress fibers and lower actin organisation
are observed than in control conditions. AFM topography shows
reduced agreement with the optical image (74b, dashed line). Sim-
ilarly 74c shows low correlation between the AFM height and
STED intensity values for corresponding pixels (Pearson’s coeffi-
cient = 0.02). Dotted line indicates the leading edge and * indi-
cates the basis. Scale bars are 5 pm. The AFM height map repre-
sents a range of 417 nm.
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6.5.3 Stiffness changes in migrating Cx30-expressing astrocytes

AFM stiffness measurements were used to investigate whether the
observed inhibition of actin rearrangement influences the change in
mechanical properties previously observed for migrating astrocytes.
The stiffness of the basis and leading edge of migrating astrocytes
transfected with GFP (control) or Cx30 is measured. The stiffnesses
of the basis and leading edge are compared for the same cell. As
in section 6.4, GFP control cells exhibited an increase in mechani-
cal stiffness in the leading edge relative to the basis (leading edge:
27.6 £ 3.8 kPa vs basis: 14.6 + 3.4 kPa, n = 11, p < 0.01, paired ¢
test, figure 75a). However, in Cx30 expressing astrocytes no signifi-
cant change was observed (edge: 15.1 &+ 3.5 vs basis: 13.8 = 2.4, n =9,
p > 0.05, paired ¢ test, figure 75b). This indicates that Cx30 primarily
impaired actin remodelling in the leading edge compartment and is
consistent with the finding that actin contributes significantly to as-
trocyte stiffness and that actin is more disorganised in the leading
edge of Cx30-expressing astrocytes.
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Figure 75: Reorganisation of astrocyte stiffness during polarised mi-
gration occurs for control (GFP) astrocytes (leading edge:
27.6 £ 3.8 kPa vs Basis: 14.6 + 3.4 kPa, n = 11, p < o0.01,
paired ¢ test, 75a) but not for cx3o-expressing astrocytes (edge:
15.1 + 3.5 kPa vs basis: 13.8 &+ 2.4 kPa, n = 9, p > 0.05, paired ¢
test, 75b).

Interestingly Cx30 had no significant effect on stiffness in non-

migrating astrocytes (GFP: 23.2 + 3.3 kPa, n = 12; Cx30: 18.3 £+ 3.1
kPa, n = 12, p > 0.05, t test, figure 76).

6.5.4 Conclusions

Overall it has been shown that correlative STED and AFM on live cells
is a powerful technique for correlating changes in subcellular features
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Figure 76: Stiffness is not changed by expression of connexin 30 in basal
conditions. (GFP: 23.2 + 3.3 kPa, n = 12; Cx30: 18.3 &+ 3.1 kPa, n
=12, p > 0.05, t test).

of different phenotypes with stiffness. This was demonstrated by in-
vestigating the effects of the gap-junction protein connexin3o.

It was found that the actin structure in migrating astrocytes is per-
turbed in connexin3o-expressing astrocytes compared to control mi-
grating cells. In the basis this corresponded to a reduction in den-
sity and thickness of actin in connexin 30 astrocytes. Correlation with
astrocyte topography was also reduced in connexin3o-expressing as-
trocytes, with other cytoskeletal elements appearing to dominate the
AFM signal.

Changes in actin structure in connexin3o-expressing cells, compared
to control, were more pronounced in the leading edge, revealing a re-
duced organisation of actin stress fibres in the leading edge.

In control cells stiffness increases in the leading edge relative to the
basis, whilst in connexin3o cells no change is observed. This correlates
with the observation that connexin 30 leads to the biggest change in
actin organisation in the leading edge of migration, as well as the
finding that actin is a major contributor to astrocyte stiffness.

Further work on this project, carried out by Gregory Ghézahli,
shows that connexin3o expressing astrocytes also migrate slower than
control cells [20] — similar to connexin3o expressing HeLa cells [6].
Suggesting that, in astrocytes, increased migration speed is associ-
ated with an increase in leading edge stiffness and in actin stress
fibres. This correlates with work on cell lines that have been geneti-
cally modified to change their motility, where stiffness was found to
increase in motile cells [176, 193-195].

This technology will have applications in investigating the plastic-
ity of cell mechanics that occur during cell migration, adhesion and
division in physiological and pathological conditions. For instance,
both cell stiffness [63-65] and cytoskeletal structure [196] have been
found to be important in the migration of cancerous cells. Further de-
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velopments to the system, such as the addition of a perfusion cham-
ber, will allow longer term imaging of cells as well as measurements
of cell stiffness before and after drug treatment.



APPLICATION OF STED TO IN VITRO AND FIXED
TISSUE IMAGING

7.1 INTRODUCTION

The STED microscope developed in chapter 5 is well adapted to a
range of imaging projects beyond correlative STED and AFM. Some
of the other projects where this technology was applied are intro-
duced in the following sections.

7.2 STED IMAGING OF AMYLOID FIBRILS in 0itro
7.2.1 Introduction
Aim

The viability of the STED microscope developed in chapter 5 is tested
for imaging self assembly structures such as amyloid fibrils.

Motivation

Neurodegenerative diseases, such as Alzheimer’s, Parkinson’s and
Huntingdon’s disease, are associated with the aggregation of proteins
and peptides into fibrillar structures [197, 198]. The study of the dy-
namics of these processes can lead to a better understanding of the
cause of these diseases and assist progress in the search for therapeu-
tic intervention [199].

Biophysical techniques can be used to study protein aggregation
and give information about, for instance, aggregation kintetcs [200,
201]. These techniques generally average over a large number of ag-
gregating molecules and cannot be used to read out the length or
shape of individual fibrils.

High resolution microscopy methods such as atomic force microscopy
(AFM) and electron microscopy (EM) have been applied to studying
tibril growth with resolutions lower than 1 nm. But these studies are
limited to excised tissue in vitro [202] and do not allow the specific
imaging of components of the fibril, such as fibril seeds [27, 203] or
structural components [28].

The use of single molecule localisation was pioneered for the study
of aggregated proteins by Kaminski Schierle et al. [197, 204]. This
super-resolution technique is well adapted to studies in fixed cells
with resolutions down to 20 nm and has been used to investigate
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amyloid fibril growth kinetics [27, 203] and the coaggregation of extra-
cellular and intra-cellular tau protein [205].

Single molecule localisation techniques have image acquisition times
of the order minutes and are very sensitive to background. Therefore,
in order to image inside live cells and with imaging depths greater
than 100 nm, other microscopy techniques are necessary.

STED offers slightly worse spatial resolutions than localisation ap-
proaches (50 nm) but with imaging times of tens of seconds and
depths of the order micrometres within cells. The high complexity
of this system has generally limited its application in biological ap-
plications. The STED microscope developed in this thesis is tested for
imaging amyloid fibrils.

Collaborator contributions

This project was in collaboration with Pierre Mahou. Dora Pintosi
provided the x-synuclein seeds, monomers and the fibrilisation proto-
col based upon previous work [203]. Optimisation of the indirect im-
munostaining protocol was lead by the author in collaboration with
Pierre Mahou. The imaging protocol was optimised by Pierre Mahou
and the author. the image analysis was performed by Pierre Mahou
and the author.

7.2.2  Methods

Amyloid fibril elongation and sample preparation

a-synuclein fibrils were elongated by incubating unlabelled seed fib-
rils with unlabelled monomer for 24 hours at 37 °C at concentrations
of 2 uM (seeds) and 19.95 uM (monomers) in phosphate buffer [203].

Fibrils were mounted on Labtek 8 well chambered coverglass (155409,
ThermoFisher). Labtek wells were first prepared by incubating with
1 M pottasium hydroxide (100 uL) to clean. It was found empirically
that «-synuclein fibrils adhered better to coverglass which was pre-
pared by incubation with poly-I-lysine (100 pL). Both incubation steps
were 20 minutes.

Finally fibrils were mounted by incubation for 20 minutes. To con-
trol fibril density the incubated solution is further diluted by a factor
10 in phosphate buffer (10 uL fibril solution, go pL phosphate buffer).
After incubation fibrils were then washed three times with phosphate
buffer.

Indirect antibody labelling

a-synuclein was fluorescently labelled by indirect immunochemistry.
The sample is first blocked, to reduce non-specific binding. The block-
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ing solution was 5% goat serum in PBS/0.05% Tween. The well was
incubated for two hours at room temperature.

The primary antibody was mouse monoclonal anti-a-synuclein (LB509,
abcam). This binds specifically to a-synuclein. The antibody was di-
luted to 1:150 in 5% goat serum, PBS/0.05% Tween solution. The in-
cubation time was one hour. The sample was washed three times and
then blocked for 20 minutes with blocking solution. The secondary
antibody was goat-anti-mouse functionalised with ATTO 647N (50185,
Sigma-Aldrich). This binds to the mouse antibodies. The antibody
was diluted to 1:150 in 5% goat serum, PBS/0.05% Tween solution.
The incubation time was one hour. The sample was washed three
times prior to mounting.

Sample mounting

Samples were mounted in 97% TDE (2,2"-Thiodiethanol, 166782, Sigma-
Aldrich) a mounting medium which can be in water diluted to match
the refractive index of immersion oil [206]. The refactive index was
measured using a refractometer using a refractometer.

STED imaging

The STED microscope was as described in chapter 5. STED excitation
and depletion powers were 10-20 uW and 100-150 mW respectively.
Pixel size was 15 nm and dwell time was 35 ps. STED images were
taken immediately before a confocal image to allow comparison of
resolution.

7.2.3 Results and discussion

A comparison of STED and confocal images of the same x-synuclein
fibrils is shown in figure 7. The resolution of the STED and confocal
images is compared by fitting a lorentzian function to line profiles
through the fibrils. Resolution is enhanced from 321 nm (standard
deviation = 27, n = 10 fibrils) to 66.8 nm (standard deviation = 8.3,
n = 10 fibrils).

This is comparable to the resolution obtained for indirect immunos-
tained fibrils imaged in ASTORM [197] and implies that STED can be
used in similar studies to those reported using dASTORM. However
STED has the advantages of being able to image far from the cover-
slip, at higher imaging speed and with reduced sensitivity to labelling
artifacts.

7.2.4 Conclusions

The viability of STED imaging to study amylid fibril growth kinetics
was demonstrated here. It is shown that a 5 fold resolution enhance-
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Figure 77: STED super-resolution imaging of x-synuclein fibrils. 77a, 77b
STED and confocal images of a-synuclein fibrils. Images were
taken sequentially of the same field of view. STED images were
acquired before confocal images. The inset shows a zoom of the
region indicated in the figure. Scale bars are 1000 nm (full image)
and 500 nm (inset). 77¢, 77d Line profiles through 10 fibrils in
STED and confocal. A Lorentzian is fitted to each line profile
and the FWHM is found. The average values are 66.8 nm (STED,
standard deviation = 8.3, n = 10 fibrils) and 321 nm (confocal,
standard deviation = 27, n = 10 fibrils). The fit shown uses the
average FWHM.
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ment can be achieved on indirectly immunostained «-synuclein fib-
rils. This result is comparable to ISTORM measurements on similar
samples.

This STED microscope was further applied by Pierre Mahou to a
range of projects investigating the self-assembly of amyloid fibrils [27,
28] and to organic self assembly structures [207].

7.3 SUB-CELLULAR LOCATION OF CONNEXIN30 IN FIXED TISSUE
7.3.1 Introduction

Aim

The location of the gap-junction protein connxein3o (Cx30, also stud-
ied in section 6.5) within mature astrocytes, in a mouse brain, is inves-

tigated, demonstrating that the STED microscope developed in this
work can be applied to imaging in fixed tissues.

Motivation

In chapter 6 the effects of Cx30 on astrocyte migration was investi-
gated in cell culture and it was found that Cx30 disrupts actin reor-
ganisation during migration. Similarly, in the brain, it has been found
that knocking-down Cx30 leads to the invasion of the synaptic cleft
by perisynaptic astroglial processes (PAPs) [6]. Cx30 is also known
to contribute to neurotransmission by fuelling active synapses with
nutrients [208] and by facilitating extracellular glutamate and pottas-
sium uptake to regulate synaptic strength [209]. Together this sug-
gests the involvement of Cx30 in synaptic function.

As PAPs are the relevant nanodomain for astrocytes to interact with
synapses [3] Ghézali [20] hypothesised that Cx30 is present in PAPs
and found, by Western Blot, that Cx30 is enriched both in PAPs and
in synaptosomes. Although this suggests that PAP membranes do
contain high levels of Cx30 this is yet to be demonstrated by direct
imaging.

In cell culture astrocytes do not develop PAPs as there are no
synapses. Therefore it is required that Cx30 imaging is performed in
brain tissue slices where PAPs have formed. Of the super-resolution
techniques STED is best adapted to imaging in thick samples such as
tissue and has been applied to imaging in organotypic hippocampal
slice cultures [5], as well as in mouse brains in vivo [109, 128]. These
studies used fluorescent proteins to allow super-resolution imaging
of post-synapses. They also use glycerol objectives and correction col-
lars to correct for spherical aberrations induced by the sample at high
imaging depths [210].
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For this investigation into the sub-cellular localisation of Cx30 dy-
namic studies on live slices are not required. Instead fixed slices,
where Cx30 has been fluorescently labelled by immunostaining can
be applied. Although this imaging approach is simpler case than pre-
vious reports [5, 109, 128], due to the use of fixed tissues, this builds
upon the investigation of Cx30 described in section 6.5 and demon-
strates the application of the STED microscope to imaging in thick
samples, such as fixed tissues.

Collaborator contributions

This project was part of a larger project led by Grégory Ghézali and
Nathalie Rouach investigating the effects of Cx30 on PAP shape and
functions. Brain slices were prepared and stained by Ghézali. The
mounting media and fluorescent labelling was recommended by the
author. Imaging conditions were optimised by the author and image
acquisition performed by the author.

7.3.2  Methods

Acute hippocampal slice preparation

Acute hippocampal slices from GFAP-EGFP mice (postnatal days 21—
30, 300—400 pm thickness) were prepared by Ghézali using estab-
lished protocols [211]. Slices were fixed overnight at room temper-
ature with 4% paraformaldehyde, then washed three times with PBS
and pre-incubated for 1 hour with PBS-1% gelatin in the presence of
1% Triton-X100.

Following fixing Cx30 in brain slices was stained by overnight in-
cubation at 4 °C with the primary antibody, Cx30 rabbit polyclonal
(1:500 dilution, 71-2200, Zymed Laboratories), and washed three times.
Secondary antibody, goat anti-rabbit IgG conjugated to ATTO 647N
(1:500 dilution, 40839-1ML-F, Sigma-Aldrich), was applied for 1—2
hours at room temperature.

After washing slices were mounted in ProLong Gold Antifade Moun-
tant (P36930, ThermoFisher). This mountant has a refractive index of
1.47, which is less than that of immersion oil (1.516), however it was
found empirically that the SNR was higher for this sample than when
TDE was used (section 7.2.2), likely due to the reduction in photo-
bleaching. Spherical aberrations due to the change in refractive index
could be adequately compensated for using the SLM.

STED and confocal imaging

The STED microscope used throughout this work was used here to
image the sub-cellular location of Cx30. The depletion power was 100—
150 mW in the back-aperture and the excitation power was 10-20 uW.
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The pixel size was 50 nm. Z-stacks were acquired of the 3D structure.
The z step size was 1 pm. The pixel dwell time was 10 ps and five
line accumulations were acquired. The size of the lateral field of view
was 80 x 80 um?.

Astrocytes were identified by confocal imaging of EGFP, which is
coexpressed with the astrocyte marker GFAP (Glial fibrillary acidic
protein). EGFP images were acquired after the STED images, to min-
imise the impact of photobleaching on STED SNR. EGFP images were
of the same field of view. A pixel dwell time of 7 us and 5 line accu-
mulations were used. The excitation power was 20-30 ps. Imaging
depth varied depending upon the distribution of astrocytes in the
tissue, typical depths were 5-10 pm.

STED and confocal images were deconvolved using the Richardson-
Lucy algorithm in the DeconvolutionLab FIJI plugin. The STED PSF
was an average STED PSF measured on 20 nm beads. The confocal
PSF was simulated using the PSF Generator FIJI plugin.

7.3.3 Results and discussion

Confocal images of astrocytes combined with STED images of Cx30 in
acute slices show that Cx30 is expressed throughout the aborisation of
astroglial processes, where PAPs are located [3], as shown in figure 78.
Cx30 is not expressed in the cell body.

This corresponds to Ghézali’s other findings [20] using Western
Blots which show that Cx30 is enriched in synaptosomes. This find-
ing was further investigated using three colour SIM imaging, which
found that Cx30 revealing that Cx30 is in close procimity to synaptic
markers [20].

Overall the finding that Cx30 is located in PAPs supports previous
findings that Cx30 is involved in neuroglial regulation and synaptics
regulation [6]. The presence of Cx30 in PAPs may also be involved
in the regulation of astroglial coverage. It was shown in section 6.5
that Cx30 regulates migration of astrocytes and it is likely that Cx30
stabilises PAPs preventing their invasion of the synaptic cleft.

7.3.4 Conclusions

Of the most commonly used super-resolution techniques (STED, SIM
and single molecule localisation microscopy) STED occupies the unique
space of potentially providing resolutions below 100 nm and penetra-
tion depths of tens of microns [128]. Making it a technique that is
highly suitable for investigations of sub-cellular features in acute tis-
sue slices.

Whilst the main focus of this work was on the migration of astro-
cytes in culture, many studies require the interplay of different cell
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(a) EGFP-astrocytes (confocal) (b) ATTO 647N-Cx30 (STED)

(c) Merge (d) Zoom

Figure 78: STED image showing Cx30 is found in PAPs. Single plane image
of an astrocyte (78a, EGFP) and Cx30 (78b, ATTO 647N) in an
acute hippocampal slice. The merged imaged (78c) and zoom of
indicated region (78d) show that Cx30 is predominantly found
in PAPs. Other dense regions of Cx3o0 likely correspond to other
astrocytes not expressing EGFP. Scale bars are 5 pm in all images.
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types in situ. The study presented in this section shows one such ap-
plication of STED microscopy.

In this work it was required to use antibody stained, fixed slices.
In order to build upon this it would be interesting to investigate cy-
toskeletal dynamics in astrocytes in live slices. For this a fluorescent
protein that is compatible with the high resolution STED microscope
developed during this thesis would be required. Wegner et al. [109]
recently reported the use of the plasmid Lifeact-mNeptune2 to study
actin dynamics in neurons in the brains of living mice. Similar studies
in acute slices, expressing Lifeact-mNeptune2, could be possible with
the microscope presented in this work.
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8.1 CONCLUSION

This thesis describes the development of a STED microscope and its
application to a range of neuroscience projects, particularly focusing
on an investigation of cytoskeletal reorganisation and its impact on
the mechanical stiffness of migrating astrocytes through the combi-
nation with live-cell AFM mechanical property mapping. The work
can be divided into three main phases. First, the current technology
landscape in STED and RESOLFT microscopy was investigated, lead-
ing to the optimal design of the STED microscope. As part of this
phase a theoretical model for RESOLFT was developed, which al-
lowed the comparison of RESOLFT with major STED modes in terms
of intensity and photon efficiency, for a given resolution. In phase
two, a pulsed STED microscope was designed, constructed and char-
acterised. In phase three, the STED microscope was combined with
an AFM to access complimentary information during studies of live
cells. In particular cytoskeletal rearrangement was investigated in mi-
grating astrocytes using STED microscopy and mechanical stiffness
was measured using AFM. The microscope was also provided to a
range of other projects and some of these were described.

Key outcomes of each of these phases are summarised in this sec-
tion.

8.1.1 Theoretical performance of STED and RESOLFT techniques

The overall aim of this work was to correlate super-resolution images
of live-cells with AFM images. A secondary aim was to be able to im-
age in thick samples. STED and RESOLFT were identified as the best
techniques to achieve this. There have been a range of different tech-
niques developed in STED and RESOLFT, which have varying cost,
complexity and photon dose requirements. Although the relative mer-
its of these systems are well known within the community, and the-
oretical models for saturation intensity have been developed [37, 39],
direct comparison between STED modes — and particularly between
STED and RESOFT - remains challenging.

To allow the derivation of simple models, based upon previous
work by Moffitt et al. [37] and Leutenegger et al. [39], for direct com-
parison between cw-STED, pulsed STED and time-gated STED, the
tigure of merit of photon efficiency was defined.
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A theoretical optimum time gate in time-gated cw-STED is identi-
fied, based upon maximising photon efficiency, as 0.46 fluorescence
lifetimes, which is comparable to values in previous reports of time-
gated STED [143]. The optimum saturation intensity in time-gated cw-
STED could be identified using the time gated of 0.76t¢, which fur-
ther permitted the direct comparison between STED modes in terms
of optimum photon efficiency.

Modelling of STED techniques suggested that, for the same flu-
orophore, pulsed STED has the best photon efficiency, followed by
time-gated cw-STED and then cw-STED. Time-gated pulsed STED
was found to have a comparable theoretical photon efficiency to con-
ventional pulsed STED, in spite of associated advantages such as the
rejection of scattered light and improved tolerance for temporal align-
ment.

In contrast to STED, there has been limited discussion of the pho-
ton efficiency in RESOLFT. In this work, a model for the-light in-
duced decay of the on-state of a reversibly photoswitchable fluo-
rescent molecule was derived, using an approximation previously
applied to kinetics in photobleaching [78]. This model allowed the
derivation of a simple expression for the saturation intensity and pho-
ton efficiency in RESOLFT.

Based upon these models, STED and RESOLFT can be ranked from
best to worst in terms of depletion photon efficiency as pulsed STED,
RESOLFT, time-gated cw-STED and cw-STED. The theoretical model
does not take into account that pulsed lasers are generally consid-
ered to lead to more photodamage than cw-lasers [135]. Neither does
this model consider the availability of cost-effective laser sources to
deplete commonly used fluorophores. For instance, pulsed STED on
commonly used GFP and YFP requires expensive laser sources be-
yond the reach of most labs. Finally, due to limited characterisation
data of the state of the art rsEGFP used in RESOLFT, parameters such
as the absorption cross-section have been assumed and are likely over-
estimates.

Overall it was decided that pulsed STED would be the optimum
system for this work as all of the target applications (live-cell cy-
toskeletal imaging and cleared tissue imaging) could be performed
without the need for fluorescent proteins [31].

8.1.2  Development and characterisation of STED microscope

The STED microscope was designed based upon well-established sys-
tems. A titanium-sapphire laser was used to generate depletion pulses,
due to its high pulse power and tunable wavelength, which allows it
to operate at the depletion wavelength of many near infra-red fluo-
rophores. A super-continuum source, generated by pumping a pho-
tonic crystal fiber (PCF) with the depletion laser, was used as a ver-
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satile excitation source. A spatial light modulator (SLM) was used to
generate aberration-corrected vortex beams. This system was initially
proposed by Auksorius et al. [155]. To simplify the system design and
day-to-day alignment, a commercial PCF was used [89]. This fiber
was characterised and a pump power was chosen that generates suf-
ficient power at the STED excitation wavelength (640 nm).

This approach was chosen, in part, due to the versatility of being
able to select a range of excitation wavelengths for multi-colour imag-
ing [101]. However, it is important to note that care must be taken to
ensure that optical path lengths of both colours are designed correctly
to ensure that both excitation pulses arrive simultaneously.

As well as allowing aberration correction when imaging in thick
samples, the SLM also simplifies alignment as it allows the user to
adjust the centring of the STED phase mask and the position of the
depletion beam in the image plane using a computer-controlled ele-
ment.

The depletion pulse arrival time was controlled by a delay line and
this was optimised to maximise depletion. This approach was found
to be stable and only required reoptimisation following changes to
the optical system.

The depletion and excitation pulse durations were set by propagat-
ing through optical fibres. 30 m was used for excitation and 100 m for
depletion. Pulse durations following the fibre were estimated as 56 ps
and 100 ps. To prevent unwanted supercontinuum generation in the
optical fibre pre-chirping of the depletion pulses through propagation
in Schott SF66 glass was investigated. It was found that a minimum
of 50 cm of SF66 glass was required to reduce spectral broadening.

Following optimisation the resolution of the microscope was char-
acterised as 50 nm on idealised test samples. This is worse than the
STORM microscope commonly used in this lab to study amyloid
fibrils, which achieves 20 nm resolution [161, 197], however STED
has the advantage of being compatible with imaging in cell culture
medium or in thick samples.

This system requires approximately weekly reoptimisation of fiber
coupling and of phase mask alignment due to thermal drift. Full re-
optimisation generally takes a user 30—45 minutes. Once aligned the
system can be used by non-specialist users.

The stability of the STED microscope could be improved by incor-
porating recent advances in fiber laser technology. Since the imple-
mentation of this microscope, new laser sources have been developed
for STED that have the advantages of being lower cost than a titanium-
sapphire laser and having tunable pulse durations in a range that in-
cludes the optimum STED pulse duration. These sources include a
pulsed laser operating at 590 nm, which is compatible with imaging
YFP [127]. Finally, these sources can be externally triggered, meaning
that they can be used used with two-photon excitation lasers.
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These sources will likely outperform a titanium-sapphire laser in
STED development as they vastly reduce the complexity of the sys-
tem as they do not require fibre coupling for pulse stretching. How-
ever the STED microscope developed during this work achieves all of
the aims of this work.

8.1.3 Development and application of correlative live-cell STED/AFM

STED super-resolution imaging was combined with atomic force mi-
croscopy (AFM) to study migrating astrocytes. Recent advances in
AFM technology have allowed fast mechanical property measurements
to be performed on live cells, including improvements in AFM imag-
ing techniques [29] and AFM cantilever design [12, 29].

Meanwhile, significant progress has been made in STED microscopy
through the development of the SiR-dyes, which allow STED compat-
ible labelling of the cytoskeleton [31], nucleus [32], lysosomes [33]
and SNAP-tag [30] conjugated proteins in live-cells.

These advances were combined to investigate cytoskeletal dynam-
ics in living astrocytes. Combining STED and AFM topography imag-
ing showed that astrocyte topography correlates with fluorescently
labelled actin structures and does not correlate with tubulin organ-
isation. This goees beyond previous reports [13, 175] which have
correlated cell topography with actin strcuture as the STED super-
resolution allows the identification of smaller filaments than would
be possible with conventional techniques.

The viability of AFM measurements of mechanical properties was
investigated for measuring the stiffness of astrocytes in basal con-
ditions [12]. First it was shown that this technique could be used
to measure the mechanical stiffness of transfected cells, by verifying
that there was no change in mechanical stiffness of GFP expressing
astrocytes compared to untransfected cells. Drug treatments which
depolymerised select cytoskeletal elements showed that actin is a ma-
jor contributor to astrocyte stiffness, unlike tubulin. Interestingly, the
relative contribution of actin and tubulin to cell stiffness appears to be
cell type dependent. In astrocytes and endothelial cells [175] tubulin
does not contribute to cell siffness but in axons tubulin is a significant
contributor [178]. This suggests that the cytoskeletal elements which
contribute to cell stiffness are cell dependent.

This technique was used to investigate migrating astrocytes. The
migration, and morphological changes, of astrocytes is important in
studies of neuronal development [3, 7, 167], responses to wounds
and trauma [19, 168], and in glioma type tumours [169—171]. Both me-
chanical stiffness [163] and cytoskeletal organisation [8, 172, 173] have
been implicated in astrocyte migration. The combination of AFM and
STED imaging allowed the combined effects of stiffness and cytoskele-
tal organisation to be studied in super-resolution.
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Tubulin and actin organisation was investigated in migrating astro-
cytes. An increase in tubulin organisation was observed with micro-
tubules pointing in the direction of migration, meanwhile the actin
structure was disrupted in the basis compared to the leading edge of
migration, which showed increased stress fibers. The mechanical stiff-
ness in the basis and in the leading edge was compared and it was
found that the stiffness of the leading edge was increased compared
to the basis within the same migrating astrocyte. It is likely that the
change in stiffness, and migration of astrocytes, is caused by the coor-
dinated interplay between multiple different cytoskeletal elements [8,
11, 172, 177, 179].

The gap-junction protein connexin3o is thought to impact upon
astrocyte function and it has been shown that connexin3o expression
leads to reduced astrocyte migration [6, 20]. Correlative AFM and
STED experiments show that that, while there are small changes in
actin organisation in the basis, there are larger changes in the leading
edge of astrocyte migration. In connexin3o astrocytes, unlike control
astrocytes, there are fewer actin stress fibers and this corresponds to a
reduction in stiffness in the leading edge, where no change in stiffness
is observed compared to the basis in connexin3o astrocytes.

This suggests that connexin3o acts to inhibit migration and stabilise
astrocyte morphology by preventing the reorganistation of the actin
cytoskeleton into stress fibers which are involved in the polarised
migration function.

It was noted that primary astrocytes were highly heterogeneous
in terms of measured mechanical stiffness and that this technique
worked best when comparing changes in mechanical stiffness within
the same cell, for instance comparing the mechanical stiffness in the
leading edge and basis subcompartments, as opposed to compar-
ing changes across different populations of cells. For investigating
changes in mechanical properties due to drug treatments it would be
more interesting to measure stiffness changes over time, on the same
cell, with time lapse STED and AFM imaging of perfused cells. A
commercial perfusion system could be added or the system recently
proposed by Alsteeens et al. [12] could be used.

8.2 OUTLOOK
The work presented in this thesis may be advanced in a range of di-

rections and the microscopy techniques developed here will be used
in a range of upcoming projects.

8.2.1 STED imaging in live cells

Current applications of the STED are limited by the design of the
STED system preventing imaging of fluorescent proteins. Whilst SiR-
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SNAP [30] has been proposed as an approach for imaging any target
in live cells this requires the engineering of proteins fused with the
SNAP-tag and the optimisation of imaging procedures. These tech-
niques will only be compatible with cleared tissues or live cells as
they still require an external dye molecule.

There has been recent work involving the development of red flu-
orescent proteins for STED that achieve 80 nm resolution in living
tissue [109]. These fluorescent proteins would be compatible with the
microscope developed here and could be investigated.

As previously mentioned new pulsed laser sources have also been
developed that would allow lower cost STED imaging of YFP. As they
are fibre lasers these could be implemented in the current STED sys-
tem, with minimal changes. Some of these sources can be externally
triggered, meaning that the excitation could be used either through
supercontinuum generation or 2-photon excitation directly from the
titanium sapphire laser.

8.2.2  Two-colour imaging

Two colour STED would enable, for instance, investigations of actin
and tubulin structures in the same cell in the investigations in chap-
ter 6 or investigations of the colocalisation of synaptic vesicales and
amyloid fibrils. Building upon the projects described in this thesis. A
design is proposed in figure 79 for a two-colour STED system. This
is based upon the system proposed by Gottfert et al. [212]. A similar
system was recently applied to live cell imaging on protein targets
coexpressing SNAP and HALO tags and labelled with SiR-SNAP or
ATTOs590 [101].

The systems reported previously [101, 212] used laser diodes for ex-
citation. The STED microscope designed here uses a supercontinuum
course from which excitation lines are chosen. A dichroic mirror (DM)
and clean up filters are used to select excitation lines at 590 nm and
640 nm. These are coupled into PM-SMFs. Both excitation beams and
the depletion beam are coaligned in the image plane of the micro-
scope.

The 640 nm, 590 nm and depletion beams must all have optimised
arrival times for STED depletion. The path lengths of the 590 nm
and 640 nm excitation beams are adjusted in free space — through
redesigns of the system — to ensure that the lasers have the correct
arrival times.

The implementation of this system is challenging as it requires the
3D spatial and temporal coalignment of three pulsed lasers. Drift of
any one beam will decrease the SNR in one or more detection chan-
nels, as excitation maxima will no longer be coaligned with the deple-
tion minimum. This will make initialisation of this system more time
consuming and may limit its usability.
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An alternative two colour STED approach was proposed by Luki-
navicius ef al. [33]. This uses SiR dyes and the newly derived SiR-700
dye which has a similar excitation spectrum but a larger Stokes shift
such that both dyes can be excited and depleted by the same laser,
with the two fluorophores separated in detection. This may be a sim-
pler set-up for two colour imaging and would require only changes
to the dichroic mirrors and detection filters in this system. Both ap-
proaches could be investigated and appropriate modifications made
to the system to allow two colour imaging.

8.2.3 Correlative FLIM and AFM

A major output of this work was the combination of STED and AFM
microscopy leading to two studies that combined super-resolution
microscopy and AFM to investigate cell migration. A relatively unex-
plored technique in correlative advanced microscopy and AFM is the
combination of fluorescence lifetime imaging (FLIM) with AFM [66].
A possible reason for this is that AFM is a high-resolution imaging
technique whilst FLIM generally requires averaging over large areas
to generate sufficient statistics to identify changes in lifetime. How-
ever, FLIM, as a quantitative imaging technique that can measure lo-
cal pH; viscosity or protein—protein interactions, could be combined
with mechanical property AFM imaging — particularly on live cells —
to read out complementary quantitative information.

In a proposed project FLIM and AFM will be used to investigate
the formation of FUS granules in the nucleus and correlate this with
changes in mechanical stiffness. Preliminary experiments were per-
formed on AFM and FLIM independently. FLIM experiments were
performed by Chetan Poudel and Kevin Feeney on live SHSY5Y cells
expressing YFP-FUS. Upon treatment with AdOx, a drug which leads
to the formation of FUS granules, the fluorescence lifetime of YFP de-
creased. Similarly independent AFM experiments on purified nucleii
revealed an increase in nuclear stiffness for AdOx treated nucleii. This
implies that fluorescence lifetime is a reporter for FUS granule forma-
tion and that the formation of granules changes nuclear stiffness. A
correlated readout would allow increases in stiffness to be directly
correlated with changes in fluorescence lifetime, and therefore the
formation of FUS granules.

In future work the AFM will be mounted directly on the FLIM sys-
tem and used to correlate fluorescence lifetime and mechanical stiff-
ness on the same nucleus. This will provide a unique technology for
investigating FUS aggregation and the effects on mechanical prop-
erties and could be further applied to investigating different stages
in the cell cycle. Further this technique can be further applied to a
range of biological systems for instance correlating mechanical stiff-
ness with cell viscocity or the amount of protein aggregation.
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