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Abstract
Adaptive optics stimulated emission depletion microscope for thick sample

imaging

by Piotr ZDANKOWSKI

Over the past few decades, fluorescence microscopy has proven to become the most
widely used imaging technique in the field of life sciences. Unfortunately, all classical
optical microscopy techniques have one thing in common: their resolution is limited
by the diffraction. Thankfully, due to the very strong interest, development of fluores-
cent microscopy techniques is very intense, with novel solutions surfacing repeatedly.
The major breakthrough came with the appearance of super-resolution microscopy
techniques, enabling imaging well below the diffraction barrier and opening the new
era of nanoscopy. Among the fluorescent super-resolution techniques, Stimulated
Emission Depletion (STED) microscopy has been particularly interesting, as it is
a purely optical technique which does not require post image processing. STED
microscopy has proven to resolve structures down to the molecular resolution. How-
ever, super-resolution microscopy is not a cure to all the problems and it also has
its limits. What has shown to be particularly challenging, was the super-resolution
imaging of thick samples. With increased thickness of biological structures, the
aberrations increase and signal-to-noise (SNR) decreases. This becomes even more
evident in the super-resolution imaging, as the nanoscopic techniques are especially
sensitive to aberrations and low SNR.
The aim of this work is to propose and develop a 3D STED microscope that can
successfully image thick biological samples with nanoscopic resolution. In order to
achieve that, adaptive optics (AO) has been employed for correcting the aberrations,
using the indirect wavefront sensing approach. This thesis presents a custom built
3D STED microscope with the AO correction and the resulting images of thick
samples with resolution beyond diffraction barrier. The developed STED microscope
achieved the resolution of 60nm in lateral and 160nm in axial direction. What is
more, it enabled super-resolution imaging of thick, aberrating samples. HeLa, RPE-1
cells and dopaminergic neuron differentiated from human IPS cells were imaged
using the microscope. The results shown in this thesis present 3D STED imaging
of thick biological samples and, what is particularly worth to highlight, 3D STED
imaging at the 80µm depth, where the excitation and depletion beams have to
propagate through the thick layer of tissue. 3D STED images at such depth has not
been reported up to date.
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Chapter 1

Introduction

1.1 Fluorescence microscopy

Since the invention of the microscope people have been in a continuous search for
better ways to image objects at higher resolution and especially at a higher contrast.
Due to the very sophisticated design of human eye, it is the contrast that helps us
perceive details more clearly. With little or no contrast between two objects it is
almost impossible to tell them apart. Chameleons use low contrast between colour
and pattern on their bodies to hide in plain sight. That is why over the years, people
have looked for new ways to improve contrast in microscopy images. The most
widely used methods that help increase contrast in images are dark field [1], phase
contrast [2], [3], interference contrast [2] and differential interference contrast [4].
Nowadays, the technique of choice in the life sciences is fluorescence microscopy
due to its specificity and ease of use. During a cloudless night, in a place far away
from the city lights, we can see a sky full of stars. This is because the background is
very dark and the only light that is reaching our eye is the light coming from the
stars. This is a very simplified analogy to how fluorescence images are acquired.

S0

S1
VIBRATIONAL RELAXATION

VIBRATIONAL RELAXATION
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FIGURE 1.1: Jabłoński diagram visualising the process of fluorescence.

In a fluorescence microscope, the object under investigation needs to be labelled
with special markers, such as fluorescent dyes, that absorb light with a particular
wavelength. When a fluorescent molecule absorbs a photon of light, it changes its
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electronic state and moves from the ground state S0 to an excited state S1, due to the
excess of the energy. Then, while the molecule is relaxing (i.e. going back from S1

to S0), it dumps the excess energy in the form of a fluorescent photon, with longer
wavelength than the exciting photon. This process, shown in Figure 1.1, was first
schematically described by Polish physicist Aleksander Jabłoński [5].

1.1.1 Widefield fluorescent microscope.

Fluorescence is a spontaneous emission phenomena, as it is independent of the
number of photons already in the excited state [6]. The emitted, fluorescent photon
has a lower energy than the energy of absorbed photon (as some energy is dissipated
as heat) and its wavelength is shifted towards a longer value. This is a very important
property of the fluorescent light, as due to this, it is possible to distinguish excitation
and fluorescent photons. It can be achieved by application of specially designed
filters, such as dichroic mirrors, that reflect a particular bandwidth of wavelengths
and transmit another bandwidth (Figure 1.2). Then the separated fluorescent
photons are imaged by the optical system onto a detector.

FIGURE 1.2: Schematic of the detection of fluorescence in the fluorescent micro-
scope.
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1.1.2 Confocal fluorescent microscope.

The light that excites fluorescent molecules is not only absorbed by molecules located
in the in-focus plane, but also in planes behind and in front of it. Due to that, the
fluorescent light that is being collected with the detector is “contaminated” with out
of focus fluorescent light. This contamination means that the acquired image will
be blurred, because of the out of focus light. To overcome this problem a brilliant
American mathematician, Marvin Minsky, came up with the idea of blocking the
unwanted light with a pinhole. As a result of this idea, the first design of the confocal
microscope was proposed [7], [8]. If the pinhole is placed in front of the detector
and is conjugated with the focal plane, only fluorescent light originating in the
in-focus plane is acquired by the detector. Typical design of the confocal microscope
is shown in the Figure 1.3. The confocal microscope is a scanning microscope,
which means that the image is captured by scanning the sample point by point
and fluorescent photons are detected with the point detector (such as avalanche
photodiode (APD) or a photon multiplier tube (PMT), whereas fluorescent detection
in widefield microscopy is done by capturing the full image with the CCD or CMOS
camera.

Excitation
light

Pinhole

Detector

Microscope
objective

Focal plane

off focal plane

Excitation
filter

FIGURE 1.3: The concept and optical design of typical confocal microscope.
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Thanks to the application of the confocal pinhole, confocal microscope has the ability
to carry out layer by layer acquisition (optical sectioning), which leads to improved
contrast and axial resolution (by approximately factor of

p
2) of acquired 3D stacks

of the imaged sample [9]. A comparison of the images acquired using a widefield
microscope and confocal is shown in Figure 1.4.

a) b)

x

y

FIGURE 1.4: A comparison between fluorescent images acquired using confocal
microscope (a) and widefield microscope (b). Images show the microtubules of
HeLa cell. Confocal image provides much clearer and detailed image thanks to the

removal of the blurring out of focus light. Scale bar in both images is 2µm.

Unfortunately, the advantages of the confocal microscope come with some practical
downsides. Image acquisition is much longer and the power of the excitation light is
much higher, as the laser beam is focused into a spot. This leads to photobleaching
and lower imaging rate of the confocal microscope compared to the classical wide-
field fluorescence microscope. Both widefield and confocal fluorescence microscopes
are breakthrough inventions and scientists have relied on them for decades. Thanks
to them, new possibilities in imaging appeared. However, for a very long time there
was an insurmountable challenge: all classical microscopy techniques are limited
in spatial resolution due to the effects of diffraction and the limited size of optics.
This means that a microscope will not be able to resolve two objects if the distance
separating them is smaller than:

d =
1.22�

NA
(1.1)

where � is the wavelength and NA is the numerical aperture of the objective lens:

NA= nsin↵max = n
D

2 f
(1.2)
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where n is a refractive index, ↵max is the maximum angle at which the lens can
collect the incident light, D is the diameter of the lens aperture and f is the focal
length of the lens. Equation 1.1 is the Rayleigh criterion which will be described in
more detail further in this chapter.

1.2 Physical image formation

Equation 1.1 is called the Rayleigh limit and theory behind it was described by Ernst
Abbe in 1873 [10]. He was the first person, to give a comprehensive description of
image formation. He explained the process of partially coherent optical imaging:
light is diffracted at the object and an image is formed by interference. A graphical
interpretation of image formation described by Abbe is shown in Figure 1.5 [11].
When the light illuminates the grating-like object, it is diffracted and forms a diffrac-
tion pattern in the pupil plane of the objective. Each of the spots in the pupil plane
can be treated as point source of the new spherical wave. When those spherical
waves interfere in the imaging plane they form the image of the grating placed in
the object plane.

FIGURE 1.5: Graphical representation of Abbe Theory of image formation. [11]

During his considerations about image formation, Abbe discovered that the diffrac-
tion pattern is formed at the back focal plane of the microscope objective. If we
consider an imaging system, such as 4f system (Figure 1.6), place a grating object in
the object plane and illuminate it with a planar wave, we will observe the diffraction
pattern of the grating in the back focal plane. The second lens converts the spectrum
spots into planar waves, which then interfere in the imaging plane forming a copy of
the object. This example clearly explains the effect of diffraction and interference in
the process of image formation. Unfortunately, the size of the aperture and incident
beam angle ↵i defines the number of diffraction orders that pass through the back
focal plane. As a result, not all spatial frequencies can be transferred through the
optical system. Let us assume that the imaged grating object has the period d and it
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is within the same order as the illuminating beam wavelength. The spatial position
xi in the pupil plane of the diffraction orders can be defined as (for the incident
beam parallel to the optical axis):

xi = f1sin↵n (1.3)

FIGURE 1.6: Typical 4f imaging system, showing the role of the diffraction and
interference in the image formation [11].

We will only observe the diffracted wavefronts at the angles ↵n fulfilling the Bragg
condition, where the interference behind the grating is constructive:

dsin↵n = n� (1.4)

where n is an integer corresponding to the diffraction order. Putting Equation 1.3
into the Equation 1.4 we get:

xi =
� f
d

(1.5)

The lateral location of the diffraction orders depends on the period of the grating d
and illuminating beam wavelength �. The finer the grating, the further from the
optical axis the diffraction order will focus. Similarly, increasing wavelength has the
same effect as using a finer grating. Because lenses have a limited aperture size, for
very fine gratings, high spatial frequencies that have their foci location outside of
the aperture will be lost, as the second lens will not be able to capture them. We
can define a minimum object period that will be resolved by the imaging system:

dmin <
�

n sin↵max
=
�

NA
(1.6)
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where n is a refractive index. The aforementioned considerations are valid for
illumination parallel to the optical axis. For oblique illumination, the resolution can
be increased by the factor of two for angles of incidence defined as following [11]:

dmin =
�

NA+ n sin↵i
(1.7)

where ↵i is an incident angle on the grating as in Figure 1.6.
Using a grating as an object is a good explanation for resolution limitation of

imaging through the lens. Let’s now replace the grating with a point object. Figure
1.7 illustrates the imaging of a point object.

Image Plane

Distance
to centre

Normalised intensity

Tube lens
Objective lens

Back focal planePoint source

w0

wi

10
-5

0
0 0.5 1

-10

FIGURE 1.7: Imaging of the point object by the optical system [12].

Incident light is emitted by the object into a spherical wave w0. A tube lens transforms
the spherical wave into the planar wavefront wi. The wavefront wi has a constant
amplitude which is equivalent to the diffraction image of the point object. Due to
the limited size of the aperture of the objective lens, not all spatial frequencies of w0

pass through it, hence the wavefront is disrupted. According to the Huygens-Fresnel
principle, each point at the wavefront wi is a point source of a new spherical wavelet.
A tube lens focuses all the wavelets into a point, where they interfere with each
other constructively, as they possess the same phase and at the foci the optical path
difference (OPD) between all the wavelets is zero. The foci in the image plane
will have a finite size because of the aperture size limitations, as the lenses pass
a finite number of wavelets. A dark ring around the foci is created by destructive
interference. Around the dark ring, a bright ring is formed, as in this area majority
of the wavelets interfere constructively. Again, we can observe another dark ring
followed by the bright ring. This pattern, formed as a result of constructive and
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destructive interference, is called an Airy disk [13], [14]. The cross-section of an
Airy disk is shown on the graph in Figure 1.7. The Airy disk can also be described
as a result of diffraction at the circular aperture [15]. A circular aperture has a
rotational symmetry, hence the image of the point object will have such symmetry
as well. We can describe the transmittance h of a circular aperture with diameter d
using cylindrical coordinates (⇢,⇥), for ⇥ = 0 [11]:

h(⇢) = circ
ï
⇢

NA/�

ò
(1.8)

For the homogeneous illumination of the circular aperture, the aperture function
can be written as:

h (⇢) =

8
<
:

1 ⇢  l

0 ⇢ > l
(1.9)

The amplitude distribution of the aperture function h(⇢) is defined by the Fourier
transform:

H(r) = 2⇡

Z

⇢

h⇢(⇢) · J0(2⇡r⇢)⇢d⇢ (1.10)

where J0 is a Bessel function of the first kind and zeroth order. For the circular
function defined as in equation 1.9, equation 1.10 can be written as:

H(r) =
NA
r�

J1

Å
2⇡r · NA

�

ã
(1.11)

where J1 is a Bessel function of the first kind and first order. The intensity distribution
at the focal plane of the imaged circular object can be described as a following
expression:

I (r) = |H(r)|2 = I0

Å
J1(2⇡rNA/�)

2⇡rNA/�

ã
(1.12)

where I0 is the intensity at the focus of the lens. The intensity distribution shown
in equation 1.12 describes an Airy disc. The first zero for the J1(r) function can
be found for r = 3.83 and this is where the first dark ring of an Airy disk can be
observed (Figure 1.8). It can be found at:

r0 =
d
2
=

0.611�
NA

(1.13)
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FIGURE 1.8: 3D representation of an intensity I(r) of the point imaged by the
imaging system (left) and its cross-section (right). Both plots are shown as a

function of the distance r to the centre of the optical axis.

It is worth noting, that the intensity distribution of the point object imaged through
the lens is the same as the intensity distribution in the image plane of the lens
illuminated with the plane wave. The intensity distribution of a planar illumination
of the BFP in the image plane of a lens is called the Point Spread Function (PSF).

1.2.1 Resolution limit.

The aforementioned image formation can be generally formulated as follows. In the
4f system, as shown in Figure 1.7, the objective lens creates a set of spatial frequencies
in its back focal plane through the Fourier transform of an object F{A(x , y)}. Due
to diffraction and NA limitations, not all spatial frequencies can be collected by
the objective lens, hence frequencies higher than the limiting frequency are lost.
The lens carries out an inverse Fourier transform of the back focal plane creating
the image of an object, without the details lost due to the aperture limitations and
lost frequencies. This can be described as an imaging system impulse response to a
point object or a point source, which is a more general term for the PSF. The Fourier
transform of the PSF in the back focal plane of an objective lens is called the optical
transfer function (OTF), which is the function describing the ability to collect a finite
number of spatial frequencies (limited by the NA) by the objective lens. It means,
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that the number of spatial frequencies of the imaged object A(x , y) collected by the
lens are defined by the OTF, using the following equation:

F0 {A}= F{A} ·OT F (1.14)

where F0 {A} is the image of an object A obtained by the optical system defined by
the OTF. In Fourier theory, multiplication in the frequency space is equivalent to the
convolution operation in the object space. Having that in mind, equation 1.14 can
be rewritten as:

A0(x , y) = A(x , y)⌦ PSF(x , y) (1.15)

The graphical interpretation of equation 1.15 is show in in Figure 1.9.

UoD =

Object
A(x,y)

Point Spread Function
PSF(x,y)

Image
A'(x,y)

FIGURE 1.9: Graphical interpretation of image formation through convolution.

From equation 1.15 it is easy to deduce that any imaging optical system performance
is determined by the PSF of the imaging optics. In fluorescent microscopy, two
single fluorescent molecules can only be distinguished when they are separated by
the distance larger than r0 (equation 1.13). This is because it will not be possible to
tell whether the image shows one or more single molecules, as the Airy disks in the
image plane will overlap each other. This distance is called Rayleigh criterion of
resolution [16], [17]. Possible cases of imaging two single incoherent points are
shown in the Figure 1.10.

a) c)b) d)
d>r0 d=r0 d=r0 d=r0

FIGURE 1.10: Intensity distribution of the two light sources in the image plane. The
images show the cases, when the distance d between two points is: a) larger than
Rayleigh criterion, b) equal to Rayleigh criterion, c) equal to the full width at half
maximum (FWHM) of the PSF, d) smaller than r0/10 (equation 1.13), when two

points look like a single point and are impossible to distinguish.
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For the Rayleigh criterion, two single points are resolved, when the intensity between
two maxima of the imaged objects is at 74% of their maximum intensity. This is a
distance at which the human eye can still separate two single points. The distance
that allows to resolve two single points decreases with the decrease of the imaging
wavelength or increase of the NA of the objective lens (Equation 1.13).

Image formation and light distribution is a 3D process. The light not only inter-
feres in the image plane, but also in the space before and after it. The whole intensity
distribution, similarly to the image formation described for the 2D process, creates
a 3D PSF of an imaging system. The complete 3D light intensity distribution can be
calculated using the paraxial approximation theory and has been comprehensively
described by Born & Wolf in [18]. A graphical representation of the 3D intensity
distribution in the PSF is shown in Figure 1.11. It is worth noting, that for high NA
lenses the paraxial approximation is not fully valid, as it does not take into account
the vectorial properties (such as polarisation) of the propagating beam. More accu-
rate approximation of the 3D intensity distribution for confocal imaging through
high NA lenses has been given by van der Voort and Brakenhoff [19]. However, the
paraxial approximation is good enough for the graphical representation of the 3D
PSF.
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FIGURE 1.11: 3D Intensity distribution in the PSF according to the Born & Wolf
paraxial approximation [12].
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Axial resolution limit that can be formulated in analogy to equation 1.13 can be
written as [11]:

z0 =
2�

n · sin2↵
(1.16)

As shown in both lateral (equation 1.13) and axial resolution (equation 1.16)
equations, the resolution of the optical system is proportional to the wavelength
used for imaging and is inversely proportional to the NA. Graphs shown in Figure
1.12 show the relation between resolution, wavelength and NA.
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FIGURE 1.12: Plots showing the relation between resolution and a) wavelength;
b)numerical aperture.

1.3 Imaging beyond resolution limit

Even though confocal microscopes are great inventions and they helped uncover
a huge amount of new biological structures and processes, there is still a lot to
unveil and discover, especially in the world of nanoscopic objects, which imaging is
limited by the diffraction barrier. As Richard Feynman said in one of his lectures at
the American Physical Society meeting "There’s plenty of room in the bottom" [20].
Scientists have been working hard for decades to bring tools for sharper and more
detailed imaging. Particularly in the world of life sciences, imaging is critical for
understanding biological structures and processes. Classical microscopes that utilise
visible light for imaging are unable to resolve structures smaller than approximately
200nm. Quoting again Mr. Feynman, "Make the microscope one hundred times more
powerful and many problems of biology would be made very much easier" [20]. This
highlights the great demand for the tools that would enable scientists see more than
they could with currently available devices. In the 1950s, the problem of resolution
limit have been tackled by the means of engineering and linear system analysis [15],
[21], [22]. Authors of these techniques claimed that increasing brightness could lead
to improvement in resolution beyond the diffraction limit. For that reason, those
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techniques have been called "super-resolution" [23]. However, the super-resolution
was only presented as a principle, it was never used practically for imaging of real
world objects. A well known and established tool for imaging with the resolution
much greater than the diffraction limit for the visible light is electron microscopy.
Following the work of Louis de Broglie, electrons can be treated as waves with a
wavelength much shorter than visible light photons. Using electric and magnetic
lenses, electron beams can be focused just like regular light sources and thus can be
used for detecting contrast and imaging. That led to the construction of the Electron
Microscope (EM)[24]–[26]. EM enabled scientists to look deep into nanoscopic
structures. Thanks to EM, the discovery of chromatin nanostrucure was possible
[27], [28], full volume 3D image of the fly brain providing the complete connectome
of learning and memory centre has been imaged [29], [30], even atomic resolution
has been achieved [31]. Unfortunately, EM’s great downside is that it is challenging
to label and distinguish desired structures inside cells. What is more, EM requires
samples to be imaged inside the vacuum or under low pressure and samples to be
fixed, dehydrated and very thinly sliced, as electrons are unable to penetrate deep
into the sample. Sample preparation for the EM gives rise to an ambiguity when
analysing images, as it can lead to the specimen shrinkage and modification of tissue
structure [32].

The aforementioned problems show the undeniable advantages of fluorescence
microscopy: much simpler and straightforward sample preparation, possibility of
live cell imaging and high specificity of the imaged structures. This is why biologists
reach for the fluorescent microscope much more often. For a very long time there
was a great demand for enabling nanoscopic imaging using fluorescent microscopy to
bridge the gap between EM and optical microscopy. The breakthrough was achieved
with the first super-resolution concept of stimulated emission depletion (STED) mi-
croscopy presented by Stefan Hell in 1994 [33]. Since that breakthrough, multiple
other super-resolution techniques have emerged: molecule localisation techniques
such as photoactivated localization microscopy (PALM) [34], [35] and fluores-
cence photoactivation localization microscopy fPALM[36], [37], stochastic optical
reconstruction microscopy (STORM) [38], [39] and direct STORM (dSTORM) [40],
[41]; STED related reversible saturable optical fluorescence transitions microscopy
(RESOLFT) [42] and ground state depletion microscopy followed by individual
molecule return (GSDIM) [43]–[45]; structured illumination microscopy (SIM) [46]
and non-linear saturated SIM (SSIM) [47]. In 2014 the Nobel Prize committee
appreciated the efforts made in pursuit for higher resolution and awarded Stephan
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Hell, Eric Betzig and William E. Moerner with the Nobel Prize in Chemistry for
the development of super-resolved fluorescence microscopy [48]–[50]. Notably,
the Nobel prize for SRM was awarded in chemistry , as the SR techniques extract
chemical properties of the fluorescence in order to achieve imaging beyond the
diffraction limit.

1.3.1 General super-resolution techniques overview

Figure 1.13 shows the comparison of the available super-resolution techniques and
Figure 1.14 presents the main properties of most common fluorescent microscopy
techniques.
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FIGURE 1.13: Comparison between the capabilities, performance and principle of
common super-resolution fluorescent microscopy techniques [51], [52].
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Each of the techniques utilises different methods of achieving sub-diffraction resolu-
tion. SIM and PALM/STORM techniques are based on widefield microscopy while
STED principle is laser scanning confocal microscopy. Another common charac-
teristics of SIM and PALM/STORM is that both of these techniques require post
processing and reconstruction of the image, while STED microscopy is a purely
optical method. All of the super-resolution techniques have been successfully imple-
mented, commercialised and can be easily bought (although the price is very high)
from either major microscope producing companies (e.g. Leica, Zeiss, Nikon) or
from smaller companies providing super-resolution solutions (Abberior, PicoQuant).
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FIGURE 1.14: Comparison of the parameters and characteristics of most common
available fluorescent microscopes. A single pound sign indicates the cost of the
state of the art widefield microscope (being in the range of £55k-£80k); number of
pound signs refers to the multiplication of the price tag of the widefield microscope.

[53], [54].
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1.3.2 Single molecule localisation microscopy.

The principle behind obtaining super-resolution images in single molecule local-
isation microscopy (SMLM) is that the spatial location of the single fluorophore
can be determined with the much higher accuracy than the width of the PSF of
imaging system. When the number of simultaneously emitting molecules is re-
duced, they can be temporarily separated by acquiring a number of images with
each of the molecules captured within its "on" and "off" state. When each of the
emitting molecules is imaged individually, it is possible to determine its position
with precision much higher than the diffraction limit by finding the location of the
centre of the molecule [55], [56]. After acquiring the required number of images
and knowing precise position of each of the emitting molecules, the positions of
all molecules are superimposed creating the super-resolution reconstruction of the
previously acquired stack. The localisation precision of finding the molecule is
inversely proportional to the square root of the number of photons N detected from
the emitter [55]:

� =
d0p
N

(1.17)

where d0 is the resolution of the used widefield microscope. If the fluorescent
molecule was bright enough, localisation precision below 1nm could be achieved.
Equation 1.17 can also be used as a measure of resolution of the SMLM, as it
describes the closest resolvable separation between objects [57]. Figure 1.15 shows
graphical process of how SMLM images are obtained.

SMLM image acquisition

kon kact
koff

Localisation of single molecule
Separation of single
molecule

Localisation of
single molecule

Increasing precision of
localisation for N frames

Activation Bleaching

Repeat for N frames

Dark state Dark stateFluorescent state Fluorescent state

a)

b)

FIGURE 1.15: Schematic of the process of super-resolution image acquisition using
SMLM. a) Changing between "on" and "off" state of the molecule, b) acquisition
series of images with molecules being stochastically turned "on" and "off" and

super-resolution image reconstruction
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In order to drive the on/off states of the emitting molecules, fluorescent molecules
are required to have specific properties. PALM and STORM techniques share the
same principle of operation, however they differ in the type of fluorophore used for
obtaining "blinking" of molecules. PALM uses photoactivatable fluorescent proteins
such as paGFP [58], while STORM is based on techniques that take advantage of
photoswitchable organic fluorophores [40]. The main difference between photoacti-
vation and photoswitching is that photoactivatable fluorescent molecules can be only
switched "on" from a non fluorescent state using light with a particular wavelength.
Photoswitchable fluorescent molecules on the other hand can be both switched "on"
and "off" when they are illuminated with the light with two different wavelengths.

The SMLM techniques have found many admirers and have been modified in
many ways. Multiple colour imaging with approximately 20nm resolution have
been reported by numerous of groups [35], [39], [59]–[62]. Multiple 3D SMLM
have been proposed, such as taking advantage of the astigmatic PSF was shown in
[63], shaping PSF into a helix in [64], or using an interferometric approach with
impressive axial resolution of 10nm demonstrated in [65]. Even though SMLM
imaging can theoretically achieve unlimited lateral resolution with sufficiently bright
dyes, labelling density is the limiting factor for obtaining sub 20nm resolution.
According to the Nyquist sampling criterion [66], achieving 20nm resolution would
require fluorophore binding at least every 10nm which makes it very challenging to
get, especially when using the combination of primary and secondary antibodies
sample staining [67]–[69]. One of the methods circumventing the problem of
insufficient labelling density is a variance of SMLM called PAINT (point accumulation
for imaging nanoscale topography). In PAINT, when using oblique illumination, low
concentrations of fluorescent molecules are added directly into the medium, so that
single molecules can be tracked on the cell surface[53], [58], [70].

1.3.3 Structured illumination microscopy.

According to equation 1.15, an image is a convolution of an object and PSF. As
described in the Section 1.2.1, the OTF is a Fourier transform of the PSF:

F{PSF(x , y)}= OT F(kx , ky) (1.18)

If we describe the image formation process as a multiplication in the frequency
space, equation 1.15 will look like the following:
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F{A0}= F{A}⇥OT F (1.19)

As written before in this chapter, due to the limitations of the NA of the imaging lens,
high spatial frequencies are not collected by the imaging system. The highest spatial
frequency collected by the lens is called the cut-off frequency kcut�o f f . The OTF
for frequencies above kcut�o f f is zero, so all object features represented by those
frequencies will be missing in the image. An OTF can be represented as a toroid
that reveals the missing frequencies in the Fourier plane, as shown in Figure 1.16 a)
and b).

kz

kx

kz

kxkx
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kz

kx

a) b)

c)

FIGURE 1.16: OTF support comparison of the widefield and SIM microscope. a)
shows the conventional OTF volume of typical widefield microscope, viewed along
the ky axis, with the orange "missing cone" representing the missing frequencies
along the kz axis, "missing cone" limits the axial resolution of the optical system; b)
shows the 3D interpretation of the aforementioned OTF volume, represented by
the toroid; c) shows the OTF support for the case of the 2D SIM, while d) shows

OTF support for the case of the 3D SIM [71], [72].

A frequency representation of the use of kcut�o f f is commonly used as an alternative
method of measuring the resolution of an optical system. As shown in the Figure
1.16, for the classical wide-field microscope there is a cone in the centre that is
missing, therefore cutting off some of the object features. This missing frequency
problem is often defined as a problem of the "missing cone". The purpose of super-
resolution techniques is to fill that missing cone with spatial frequencies, so that
more features of the object could be imaged. There are two widely implemented uses
of SIM: removing the out-of-focus light from the image enabling optical sectioning
or increasing the resolution beyond diffraction limit.
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Structured illumination microscopy finds the solution to the missing cone. The
object is illuminated with a patterned light, e.g. fringe pattern with high spatial
frequency. When two periodic structures of high frequencies are superimposed, they
produce a downmodulated, low spatial frequency pattern, called moiré fringes [73],
as shown in Figure 1.17.

a) b) c)

FIGURE 1.17: Moiré pattern generation. When two periodic structures such as a)
and b) are superimposed, down-modulated pattern is created, as shown in (c).

When a patterned illumination light is mixed with the structure of the sample a
coarse, lower frequency pattern, called a moiré pattern is created. The newly-created
pattern, thanks to down-modulation, can be easily resolved by the imaging optics,
even though the original structure was too fine to be resolved. This way, high spatial
frequency details of the object can be encoded in the much coarser moiré fringes.
The illumination pattern is most commonly generated by a physical diffraction
grating or a spatial light modulator (SLM). The illuminating pattern is well known
apriori and the coarse moiré pattern can be collected by the imaging optics. If
the moiré pattern is applied in different orientations and different phase shift, it
is possible to reconstruct the previously unresolvable information corresponding
to the moiré pattern from acquired set of images using numerical reconstruction
algorithms. SIM image reconstruction requires recording at least three images with
phase shifted moiré pattern in order to obtain a single super-resolved frame.

The SIM principle is based on widefield microscopy. Its first implementation was
shown by Nail et al. in [74] and was used for optical sectioning, while Gustafsson
showed the super-resolution capabilities of SIM [46]. Lateral resolution enhance-
ment by two-fold in SR-SIM over traditional 2D microscopy methods been reported
in [46], [75]. Gustafsson et al. [71] and Schermelleh et al. [76] showed a 3D
SIM design, with additional axial resolution increase, where the illumination pat-
tern is created with three beam interference. The classical SIM approach allows
only for 2-fold resolution increase in each direction. An impressive combination
of image interference imaging microscope (I5M) [77] with 3D SIM resulted in
interferometer-based three-dimensional structured-illumination I5S microscope
with 100nm isotropic resolution [78]. In 2005, Gustafsson [47] presented the
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concept of saturated SIM (SSIM), taking advantage of non-linear characteristics
of fluorescent dyes enabling the possibility of theoretically unlimited resolution
enhancement. For non-linear SIM, a lateral resolution down to 50nm has been
reported [47], while Rego et al. [79] were first to achieve 50nm resolution in biolog-
ical samples. The only resolution limiting factor in non-linear SIM are non-linearities
of dyes and the image noise.
There has been a great interest in SIM, as it delivers super-resolution imaging while
being gentle to the sample, and images can be acquired with high speed. An espe-
cially impressive system has been developed by the Betzig group, combining light
sheet microscopy [80], [81] with SIM [82]–[85], enabling video rate, 4D imaging
of biological structures.

1.3.4 Stimulated emission depletion microscopy

The concept of stimulated emission depletion microscopy (STED) was first published
as a theoretical paper in 1994 [33], however it took half a decade until the first
working STED microscope was presented by T. Klar and S. Hell in 1999 [86] and
shortly after in 2000 [87]. STED microscopy is based on the confocal laser scanning
fluorescence microscopy, allowing the acquisition of images with a resolution well
beyond the diffraction limit. The main idea behind STED microscope is that emitted
fluorescent photons can be “switched off” by using stimulated emission. When
the fluorescent molecules are excited they increase their energetic state and move
from the ground state S01 to an excited electronic level S11. This is followed by
the fast decay to the lowest vibronic excited state S12 through phonon assisted
transitions (vibrational relaxation). Molecules prefer to stay in the ground state, so
they release their energy in the form of fluorescent photons and return from S12

to S02. This is a general concept behind any fluorescent microscope. However, the
excited molecules at S12, instead of spontaneously emitting energy, can be forced to
return to ground electronic S03 followed by vibronic transition to S01, by using the
stimulated emission. Stimulated emission is a phenomena that is used in order to
obtain lasing from the laser. If we illuminate excited molecules we can "turn them
off" (deplete them) by forcing them to release their energy in the form of stimulated
emission photons. Those photons inherit the properties of the stimulating light,
i.e. they will have the same wavelength, phase and polarisation. Both spontaneous
emission and stimulated emission processes are shown on the Jabłonski diagram in
Figure 1.18.
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FIGURE 1.18: Jablonski diagram of a) spontaneous emission (fluorescence) and b)
stimulated emission.

Now, if the beam used to cause stimulated emission, called depletion beam, is shaped
into a Laguerre-Gaussian beam [88], [89] (which lateral intensity distribution
resembles a doughnut), with the hole (zero intensity) in the centre and containing
all of its energy in the ring, the molecules that appear only in the area of the
ring will be depleted. When we take that idea into the confocal microscope and
superimpose the Laguerre-Gaussian depletion beam with the excitation beam and
scan the sample with such overlapping beam, we will get two sets of photons with
different properties: obtained through spontaneous and stimulated emission. Since
these photons will have different wavelengths, they can be easily filtered with the
bandpass filter and only the molecules in the area of zero-intensity of the depletion
beam will be detected by the photon detector. As a result, the sample will effectively
be scanned with the PSF of much lower volume compared to the classical CLSM and
the final image will have the resolution well beyond than Abbe’s resolution limit.
The condition that the stimulating photon needs to fulfil is that it has to at least
match the energy of the vibronic transition (a phonon assisted transition) of the
molecule in the excited state S12. Metaphorically, STED microscopy can be described
as painting with a much finer brush, compared to the CLSM. The comparison of the
image acquisition between STED and CLSM is shown in Figure 1.19.

In STED microscopy, the volume of the PSF is effectively decreased by confining
the region where excited molecules emit fluorescence. The efficiency of depletion
and, as a result, resolution of the STED microscope is mainly dependent on the
intensity of the depletion beam. According to Westphal and Hell [90], the resolution
of a STED microscope can be defined as following:

dST ED = 0.45
�

NA
«

1+ IST ED
Isat

(1.20)

where IST ED is the intensity if the depletion beam, Isat is the fluorophore specific
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FIGURE 1.19: Graphical principle of STED microscope image acquisition. a) shows
the size of the focal spot and the effective STED focal spot when confocal beam is
superimposed with the "doughnut" beam. b) represents the scanning of the image
with the confocal PSF and the fluorescent molecules it excites, c) is presents the
scanning of the image in the STED microscope and effectively excited fluorescent
molecules with the combination of depletion and excitation beams, while d) shows

the resulting image from the confocal (left) and STED (right) microscope.

saturation intensity, for which the emitted florescence is decreased by the factor of
1/e. According to Equation 1.20, the higher the intensity of the depletion laser, the
higher the resolution that will be achieved. Over the years, it has been reported,
that STED microscopy can be used to successfully resolve structures as small as
20nm in biological samples [91], whereas <5nm resolution has been shown for
imaging nitrogen vacancy colour centres in nano-diamonds [92].
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FIGURE 1.20: Phase masks used for (a) 2D STED and (b) 3D STED beam shaping.

Classical STED microscopy enhances the resolution only in the lateral direction,
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leaving the axial size of the PSF unmodified. The shape of the depletion beam is
obtained by changing its phase. Modification of the wavefront phase changes its
shape, as it adds local retardation to the beam which result in the modified shape.
This can be done either by a fixed physical phase mask or by using an SLM [93],
[94]. The phase mask needed to achieve the doughnut beam is a 2⇡ helical phase
mask (as shown in Figure 1.20 a)). Notably, it is possible to modify the shape of
the depletion beam by applying the ⇡-step phase mask (Figure 1.20 b)), so that it
will be depleting the out-of-focus light, effectively decreasing the size of the PSF
in axial direction [87]. The comparison of both a 2D STED phase mask and a 3D
STED phase mask is shown in Figure 1.20. Further discussion regarding the phase
masks can be found in the section 1.4.4. Resolution up to 45nm laterally and 100nm
axially has been reported for the 3D STED with the combination of ⇡-step and 2⇡
helical phase masks [95].

1.3.5 Conclusion and comparison of the currently available super-

resolution techniques.

The super-resolution techniques discussed here have been an undeniably huge step
forward into the world of nanoscale. In the past 20 years there has been a great
interest in developing these techniques into much better tools for biologists. Each
of the super-resolution microscopes has found its way into being commercially
available. Nowadays, each of the major fluorescent microscope producers must
have a super-resolution microscope in their portfolios. However, even though the
techniques did help with a plethora of breakthroughs, none of them is perfect. With
super-resolution imaging, the sample preparation protocols became more complex
and very often device specific, as a lot of the SRM are custom built devices. This
requires a long process of optimisation and trials. Reported resolutions, repeat-
edly spectacular, are obtained for strictly limited conditions and require optimised
samples. Another issue is the limited signal-to-noise ratio (SNR) that is present in
almost all of the SR techniques. Theoretical resolution limits are very difficult to
achieve due to the lack of sufficient signal coming from the sample, mostly due to
the photobleaching of the fluorophores [38], [96]. However, probably the most
important factor of the limitations of SRM are optical aberrations. They degrade the
image quality in classical microscopy [97]–[100], but are even more severe in the
SRM [101]. Both optics [97] and specimen introduce aberrations [9], [102]. This
is why adaptive optics is being adapted in many SRM, as it allows for aberration
correction so crucial in nanoscopic imaging [103]–[105]. Spherical aberration is
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one of the greatest enemies of any SRM microscope. It enlarges the PSF laterally
and axially as well as decreases the signal coming from the sample [69]. In SIM,
spherical aberration degrades the illumination pattern, decreasing resolution and
SNR, which can cause artefacts to appear in the reconstructed image [106]. Similarly
in STED microscopy, the depletion beam phase mask is very prone to aberrations, as
this leads to non uniform intensity in the doughnut as well as increasing the size
of the doughnut hole [107]–[109]. Thorough comparison of different fluorescent
microscopy techniques can be found in Figures 1.13 and 1.14.

The aim of this work was to build super-resolution 3D STED microscope with
the addition of adaptive optics for aberration compensation and use it to image
thick samples with both lateral and axial resolution enhancement. Out of the SR
techniques, STED and SIM show great promise in 3D imaging of thick samples
[110], with STED being able to achieve higher resolution compared to SIM. The
following section will be devoted to the detailed description of STED microscopy,
the challenges in building the microscope, known problems and possible solutions
to them.

1.4 STED Microscopy

STED microscopy is a part of a more generalised concept of reversible saturated
optical fluorescence transitions (RESOLFT) [42], [111], [112]. The whole idea of
RESOLFT is that some fluorophores can be targeted and optically switched between
their "on/off" or bright/dark states. It can be carried out using a depletion laser or
reversibly switching fluorescent proteins.
The first theoretical concept regarding STED microscopy was proposed in early 1990s
by Hell and Wichmann [33], followed by another RESOLFT concept: ground-state
depletion (GSD) fluorescence microscopy, where the diffraction limit is surpassed
by the utilisation of transitions of singlet-triplet states as an alternative to STED
[113]. In 2003 RESOLFT techniques were described in a common formalism by
Stefan Hell in [111]. Over time, multiple implementations of STED microscope had
been reported, distinguished mainly by type of depletion laser used for obtaining
depletion:

• pulsed STED, with pulsed depletion laser source

• CW-STED, with continuous wave (CW) depletion laser source
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1.4.1 Pulsed STED microscopy

The first implementation of a STED microscope shown by Klar and Hell in 1999 [86]
and shortly after in 2000 [87] used pulsed lasers for both excitation and depletion.
Utilisation of a pulsed laser source for depletion requires precise alignment of
excitation and depletion beams both in space and time, as the STED pulse must
arrive right after the excitation pulse [114]. First commonly used laser sources for
pulsed STED were bulky and expensive Ti:Sapphire lasers [115]–[117]. What is
more, Ti:Sapphire laser pulses, in order to optimise the efficiency and timing of
stimulated emission, have to be stretched from femtoseconds up to 100-500ps [118].
It has also been proven that longer depletion beam pulses decrease unwanted effects
caused by high power of depletion laser such as photobleaching, phototoxicity and
direct excitation by the depletion laser (usually through 2-photon excitation) [96],
[119], [120]. All this adds complexity and cost to the system. On the other hand,
Ti:Sapphire lasers add great flexibility in terms of wavelength tunability, as different
fluorescent molecules may require different depletion wavelengths. A solution
to decrease cost and complexity was the application of diode lasers as depletion
laser sources [121], [122]. It has been shown that diode lasers did not sacrifice the
achievable spatial resolution, reporting possibility of imaging structures<15nm [91],
[92]. Additionally, diode lasers add a great capability of being able to externally
trigger the depletion laser, simplifying the temporal alignment process of laser
sources [117]. Thanks to the rapid development in the field of STED microscopy,
there are commercially available depletion laser sources that are compact, high
power and the output pulses are already stretched to 500ps, that reduce complexity
of the STED setup and simplifies temporal alignment of laser sources.

1.4.2 CW-STED microscopy

Another approach to STED microscope design, in terms of the depletion laser, was
the application of continuous-wave (CW) lasers [123]–[126]. CW lasers significantly
simplify the STED microscope setup, as they do not require laser pulse preparation
and synchronisation. However, the performance of a CW-STED microscope is inferior
when compared to the pulsed STED solutions [119]. As shown in Equation 1.20,
the resolution of a STED microscope depends on the saturation intensity Isat . When
CW laser is employed as a depletion laser source, saturation intensity increases by
the factor of [123]:
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I CW
sat =

�

ln(2) ·⌧ f l
I pulsed
sat (1.21)

where � is the time between two pulses and ⌧ f l is the fluorescence lifetime of the
fluorescent protein. Hence, according to Equation 1.21, in order to achieve the
same resolution in CW-STED as in pulsed STED, a CW laser requires its average
power to be �

ln(2)·⌧ f l
times higher than the peak intensity of the pulsed laser. This

translates to 3-5 times higher depletion intensities being required with CW lasers
[125] using the typical conditions of the STED imaging (depletion laser repetition
rate of 80MHz and ⌧ f l ⇡ 3ns). Furthermore, in the systems utilising CW depletion
lasers, some of the fluorescent molecules emit fluorescence before being illuminated
with the depletion beam. This causes residual fluorescence still being picked up by
the detector resulting in the increased blur in the image [119]. A solution to this
problem is the employment of time-gated detection, where the detector acquires
fluorescence signal only after a certain time-delay Tg after arrival of excitation
pulse. This way we ensure that the fluorescent molecules have populated the excited
state and have been exposed to sufficient number of depletion photons for at least
the same time. Acquiring the photons with Tg delay after the excitation pulse
ensures efficient depletion and increases the final image resolution without the need
for increasing the depletion beam power. The downside of the time-gating is the
reduction of the detected signal that is forming the image [127]–[129].

1.4.3 Photobleaching and strategies to its minimisation

Photobleaching is one the major problems of STED systems, due to very high
power of depletion laser and longer dwell times compared to the widefield or
confocal imaging. When the fluorescent molecules absorb excitation beam photons
and change their energetic state, high laser intensities very often might introduce
phototoxicity through elevated heating or photobleaching [118]. Even though,
theoretically, depletion light should not be absorbed by the fluorescent molecules,
it might cause direct excitation or 2-photon excitation. This employs as a primary
cause of photobleaching in the STED microscopy [116], [130], [131]. As mentioned
already, apart from using longer depletion laser pulses, another method of reducing
photobleaching is utilisation of fast laser scanning system, such as resonant mirror
[9], [124], [132], [133]. Fast scanning can successfully reduce the population of
triplet states, which play a crucial role in photobleaching [134], [135]. The similar
effect can be achieved by decreasing the laser pulse repetition rate [116], [136]
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which enables relaxation of molecules before the arrival of the next STED pulse
and, as a result, a reduction of the population of triplet states. It is also worth
noting, that careful choice of depletion laser wavelength and fluorescent molecules
can decrease the photobleaching rate in the sample, minimising the excited state
absorption [131], [137].

1.4.4 Depletion beam shaping and maximising STED efficiency

Shaping the depletion beam is a vital part of a STED microscope. The first systems
utilised glass, polarisation dependent, phase plates, such as classical, vortex phase
plates, with 2⇡ spiral phase retardance (Figure 1.20 b) ), and a "Top Hat", annular
phase mask, with a ⇡ phase retardance in the central disk of the phase mask (Figure
1.20 b)). Both of these phase masks have a slightly different way of producing STED
images: vortex phase masks deplete the fluorophores in the same focal plane as
the excitation beam, producing the laterally super resolved image, while the "Top
Hat" phase masks deplete the fluorophores before and after the focal plane of the
excitation beam, producing axially super resolved images (however it does have
some residual lateral ring, which also increases the lateral resolution) [87], [95],
[138], [139]. Hence, taking into account their application, these phase masks can
be called a 2D STED phase mask and a 3D STED phase mask. All of the classical
phase plates will change the phase of both excitation and depletion beams that pass
through them, as the phase plates introduce phase retardation to all wavelengths
(although the magnitude of the retardation depends on the wavelength). This adds
the necessity of separating the excitation and depletion beams, as only the depletion
beam must be modified, and the phase plate needs to be placed in the isolated
beam path of the depletion laser, increasing the complexity of the system. The
solution to that problem was introduction of the birefringent phase plate, that can
convert a confocal microscope into a STED microscope by simply placing the phase
plate into the back focal plane of the microscope objective [140], [141]. Such a
phase plate significantly simplifies the complexity of the STED system and spatial
alignment of the depletion and excitation beams, as they can be coupled into a
single fibre, resulting in near perfect spatial alignment [140]. Over time, spatial
light modulators (SLM) gained the interest of many groups as devices used for
depletion beam shaping [94], [142]–[144]. SLMs add flexibility in the choice of
the phase mask, but more importantly, can correct for aberrations occurring in the
optical setup as well as in the sample [98], [99], [145]. Theoretically, increasing
the depletion beam laser power should give the highest resolution. However, in
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reality, this might result in damaging or in best case bleaching the sample. Phase
mask alignment is crucial in order to obtain correct depletion beam shape, with
uniform intensity distribution and a near perfect zero in the central part of the
doughnut. Misalignment of the phase mask introduces unwanted aberrations to
the depletion beam, breaking the beam shape [146], which has very similar effect
as the appearance of aberrations in the depletion beam path [107], [108], [147],
[148]. The effect of aberrations and misalignment on the depletion beam shape are
shown in the Figure 1.21. Furthermore, apart from allowing for dynamic change of
the phase mask, aberration correction, SLM can also help in the alignment of the
phase mask making this task automatic [93].

FIGURE 1.21: Importance of the proper alignment of the STED phase masks. a),b)
and c) show the 2D STED phase mask (d) in x-y, x-z and y-z planes respectively
and the impact of imprecise phase mask alignment on the intensity distribution.
Similarly, e), f) and g) show the 3D STED phase mask (h) and intensity distribution
with misaligned phase mask in x-z, x-y and y-z planes respectively (image taken

from [146]).

Apart from misalignment, polarisation plays a significant role in the shape and
intensity distribution in the STED phase mask [108], [149], [150]. In order to obtain
a proper intensity distribution in the STED foci, it is important that the circular
polarisation in the correct direction is ensured at the BFP of the microscope objective.
In case of other polarisation states, the unwanted effects will occur, such as non-zero
intensity in the central hole of the Laguerre-Gaussian beam (wrong direction of the
circular polarisation) or unequal intensity distribution in the ring (linear or elliptical
polarisation)[151]. Both, polarisation and misalignment of the phase mask lead
to introduction of residual depletion intensity causing fluorescence quenching also
in the central part of the doughnut. Due to this the final STED image will appear
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dimmer and with much lower contrast, as the effective STED PSF peak value is
reduced.

1.4.5 Thick tissue imaging.

The majority of the publications regarding STED microscopy present super-resolution
images that are located in tissue-less, thin samples (<5 µm), close to the coverslip,
mostly imaged with the 2D STED phase mask. Much more challenging and interest-
ing, in terms of biological sample imaging, are thick structures located in the tissue
that could be resolved with both axial and lateral super-resolution. Urban et. al
showed possibility of 2D STED imaging of synapses inside the brain up to 78µm
deep, with the use of a glycerol objective with correction collar [110]. Another ap-
proach for deep tissue imaging was the combination of STED imaging with 2-photon
microscopy [152], enabling imaging at the depth of 30µm inside brain [153]. The
main challenge for 3D STED imaging of thick samples is the appearance of aberra-
tions introduced by the specimen. As mentioned in the previous section, aberrations
can be compensated with the adaptive optics (AO) such as SLM. There already have
been multiple reports, showing 2D STED imaging in aberrating thick samples [142],
[154]–[156]. However, 3D STED imaging in the thick aberrating specimens have so
far been limited [94], [157], [158], as the 3D STED implementation is even more
sensitive to aberrations than its 2D counterpart.

1.4.6 Conclusions and overview of the next chapters

In the introduction chapter I presented the major available techniques used for fluo-
rescent imaging. I compared the three main super-resolution techniques and shown
motivation for the STED microscopy as a technique of choice for this thesis. I made a
review of the available solutions and designs, that improve the performance of STED
microscope and enable imaging of thick samples. The following, Optical methods
chapter 2 includes the detailed description of the design of the STED microscope
developed for this thesis. Chapter 3 presents the experimental methods used for
sample preparation, whereas chapter 4 shows the evaluation of the performance
and characterisation of the microscope. Chapter 5 shows the results from imaging
of the biological structures. Conclusions of the work done for this thesis and the
outlook of the future work and possible further development of the proposed STED
microscope are included in the last chapter 6.
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Chapter 2

Optical methods

This chapter will be devoted towards detailed description of the microscope. Section
2.1 will contain the explanation of the optical design and purpose of all the elements.
Subsections 2.1.1 - 2.1.3 include physical design and description of the main optical
beam paths of the microscope: excitation beam path, depletion beam path and
imaging beam path. Subsection 2.1.5 has the calculations used for the proper choice
of the essential part of every confocal microscope, i.e. pinhole, while subsection
2.1.6 shows the motivation for the selection of the filters allowing for STED imaging.
Section 2.2 present the process of the image formation with the resonant mirror
laser scanning system I chose, followed by the section 2.3 with the description of
the control software written to operate the microscope.

2.1 Design of the STED microscope

Design of the microscope was based on a thorough review of current designs and
well proven concepts. Since the most important feature of the microscope was to
acquire super-resolution images of thick biological structures, the features of the
design sought for were:

• aberration correction of the depletion beam

• thick tissue imaging

• minimisation of photobleaching

The schematic of the designed setup is shown in Figure 2.1 and the photos of the
microscope are shown in Figure 2.2. Table A.1 in the Appendix A presents the list
of all components that are used in the system. There are three main optical paths in
the system: the excitation beam light path starting at the 637nm laser, the depletion
beam light path starting at the 766nm depletion laser, and the fluorescent signal
light path starting at the sample plane. Each of the light paths will be described in
detail in the following sub-chapters.
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FIGURE 2.1: Schematic of the designed STED microscope. M1-M6 are beam steering
mirrors, 766nm, 637nm and 488nm are the wavelengths of depletion and excitation
lasers respectively, f1-f12, fir, fif are lenses, FC - fibre coupling lens, RM - resonant
mirror, GM - galvanometric mirror, PMF - polarisation maintaining single mode
fibre, MMF - multi-mode fibre, pellicle is the 92:2 pellicle beamsplitter, DM1-DM3
are dichroic mirrors, GLP - glan laser polariser,�/2 - half-wave plate, �/4 - quarter-
wave plate, EF - emission filter, PHR and PHF are pinholes, MPPC - multi pixel
photon counter, SPAD - single photon avalanche diode, SLM - spatial light modulator.

Detailed description of the setup and its elements can be found in text.

2.1.1 Depletion laser beam path

The 766nm depletion beam has a 1/e2 diameter of 2.2mm and linear polarisation
at the laser aperture. The depletion laser can be set manually to work at 80MHz,
40MHz, 20MHz, 10MHz, 5MHz, or 2.5MHz repetition rates and its pulse duration is
approximately 0.5ns. It is deflected by two steering mirrors M1 and M2 and passes
through the half-wave plate �/2 which rotates its polarisation. �/2 ensures that
the depletion beam polarisation will match the orientation of the optical axis of the
liquid crystal in the liquid crystal on silicon (LCoS) spatial light modulator (SLM)
[159]. Lenses f1 and f2 are responsible for beam expansion. The expanded beam
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FIGURE 2.2: Photos of the designed and aligned STED microscope system, located
in the Physics and Life Science (PaLS) lab at the University of Dundee. a) shows the
whole microscope setup on the optical table, with dashed rectangles highlighting
some of the critical elements of the microscope, b) is the close up of the XY sample
stage with 8-well ibidi sample chamber mounted, c) close up of the resonant mirror

and d) is SLM.

size is 16mm, so that the beam diameter overfills the SLM aperture (the aperture is
16mm by 12mm). The SLM displays an appropriate phase mask which shapes the
beam. The hologram applied to the SLM is a circular aperture with a blazed grating.
The blazed grating is necessary, since it allows the diffraction orders to be spatially
separated after the beam reflects from the SLM and ensures we are only using the
phase modulated light. The beam shaped by the hologram is represented in the 1st

diffraction order of the blazed grating. The size of the phase mask hologram is set to
554 pixels which equates to a 11.08mm beam diameter (the SLM pixel pitch is equal
20µm). A 4f system consisting of lenses f1’ and f2’ image the SLM hologram plane
onto the mirror M3. An image of the SLM plane is shown in the Figure 2.3 a). After
reflecting from M3, the depletion beam passes through a Glan-Laser polariser (GLP)
that only transmits the linear polarisation corresponding to the SLM polarisation.
The fast axis of the GLP is set to maximise the intensity in the 1st diffraction order
of the blazed grating. Another half-wave plate, �/2, is responsible for rotating
the linear polarisation so that when it reaches the quarter-wave plate (�/4) the
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polarisation state is circular. DM1 is a dichroic mirror, which reflects wavelengths
longer than 720nm and transmits wavelengths shorter than 720nm. It separates the
fluorescent photons from the depletion beam. Further on, the depletion beam passes
through the dichroic mirror DM2 where it is combined with the excitation beam.
From DM2, both depletion beam and excitation beam are propagating coaxially
using the same optical path. Since the depletion beam is shaped by the SLM, it is
very important to accurately image the plane of the SLM onto the back focal plane
(BFP) of the objective lens. Proper imaging is assured by three 4f systems:

• lenses f6 and f7, imaging the SLM plane containing the hologram onto the
resonant scanning mirror RM,

• lenses f8 and f9, imaging the RM plane onto the plane in-between two gal-
vanometric scanning mirrors GM,

• lenses f10 and f11 imaging GM plane onto the back focal plane of the micro-
scope objective MO.

The intermediate images of the SLM plane are shown in the Figure 2.3. Figure 2.4
shows the locations of the phase masks registered in the intermediate planes of the
microscope setup.

a)

b) c)

d) e)

FIGURE 2.3: (a) Top Hat phase mask applied on the SLM and its intermediate
images (b) at the M3 plane, (c) at the RM plane, (d) at the GM plane, (e) at the

BFP of objective.
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FIGURE 2.4: Locations of Top Hat phase masks from Figure 2.3 with regard to the
depletion beam path of the optical setup shown in Figure 2.1.

The SLM phase mask has to be in focus in each of the intermediate image planes,
which are the following: M3 plane, RM plane, GM plane and BFP. Apart from proper
imaging of the SLM plane onto the BFP, it is crucial to match the size of the phase
mask with the pupil size of the MO. The phase mask diameter was calculated, firstly,
by placing a CMOS camera at the BFP and phase mask image was acquired. Then,
the phase mask diameter was calculated in pixels and multiplied by the camera
pixel size (5.2µm) in order to obtain the actual size of the phase mask. According to
the calculations, the phase mask size was 1116 pixels which is equal to the 5.8mm.
The phase mask image and its size calculations are shown in Figure 2.5.

1116pixels

FIGURE 2.5: Image of the phase mask at the BFP of the MO and its size in pixels.
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The phase mask image at the BFP was compared to the calculated diameter of
the phase mask multiplied by the setup magnification. The total magnification of
the depletion beam path is equal to MST ED = 0.53 and was calculated using the
following formula:

MST ED =
f 20

f 10
· f 7

f 6
· 9

f 8
· f 11

f 10
(2.1)

where each f is the focal length of the lens shown in Figure 2.1. MO entrance pupil
diameter is equal 5.8 mm and can be calculated using the following formula:

D = 2NA · f = 2 · 1.45 · 2= 5.8[mm] (2.2)

where NA is a numerical aperture of the microscope objective and f is a focal length
of the MO. According to the magnification calculations, in order to match phase mask
size with the MO entrance pupil size, a hologram displayed by the SLM should have
the size of 547 pixels. However, according to the actual calculations, the hologram
size equalling 5.8mm at the BFP is 554 pixels, which gives the real magnification
equal to MST ED = 0.523.

2.1.2 Excitation beam path

The excitation beam laser is a pulsed diode laser with a wavelength of 637nm. It
can operate at the same repetition rates as the depletion laser, while its pulse width
is 90ps. Because of the properties of diode lasers, the output beam has an elliptical
shape. Coupling such beam into a fibre results in very poor coupling efficiency. The
possible solution to overcome this problem is the use an anamorphic prism pair
(APP), which magnify the elliptical beam over one of its axes, making the beam
shape nearly circular. As shown in Figure 2.1, the excitation beam, after leaving the
laser, passes through APP, and is then coupled into the polarisation maintaining fibre,
PMF. Application of the APP resulted in coupling efficiency of 75% compared to the
30% efficiency with no APP applied. Lens f3 is collimating the output of the PMF
and has a Gaussian beam profile. The half-wave plate �/2, rotates the polarisation
to match the polarisation of the depletion beam. Lenses f4 and f5 are expanding
the beam, so that its size is equal to 2.1mm. The dichroic mirror DM2 reflects the
excitation beam. It is also a plane, where the excitation beam is combined with the
depletion beam. After DM2 both STED and excitation beams propagate coaxially.
The beam path of the 488nm excitation laser is analogical to the beam path of the
637nm laser.
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2.1.3 Common beam path

After both excitation and depletion beams are superimposed, they pass through
lenses f6 and f7 and are reflected from the RM. Next, the beams propagate through
the f8 and f9 4f system and are reflected from the pair of GM. After GM, the
beams pass through the lenses f10 and f11 quarter-wave plate, which changes the
polarisation of beams to circular. Finally, the beams are reflected from the pair of
steering mirrors M5 and M6 and go through the microscope objective MO, which
focuses them onto the sample. The MO is mounted on the piezoelectric scanning
stage used for focusing, the sample is mounted on the XY electronically operated
translation stage.

2.1.4 Imaging beam path

Three main beam paths can be distinguished when imaging the sample:

• the brightfield imaging path, used for imaging the sample with transmissive
light and acquiring data on CCD camera;

• the reflective scanning imaging path, used for imaging the samples that reflect
light and acquiring the data with the MPPC photon counter;

• the fluorescent scanning imaging path, used for imaging samples containing
fluorescent markers and acquiring fluorescent photons with the SPAD photon
counter.

The brightfield imaging path is a detection path which helps in localising desired
structures in the sample and finding the initial focus of the MO. The white light
diode mounted above the sample passes through the sample and MO. A 92:8 pellicle
beamsplitter, reflects 8% of the transmitted light and the lens f12 images the sample
plane on the CCD camera. The reflective imaging path is used for imaging samples
that reflect either the excitation or depletion beam. Light focused through the objec-
tive MO is reflected from the sample and propagates back through the objective lens.
Then, it is de-scanned with the GM and RM and 8% of it is reflected from a 92:8
pellicle beamsplitter. Then lens f13 focuses it through the pinhole PHR. The pinhole
size is chosen to be approximately 20 Airy Units (AU), resulting in quasi-widefield
imaging. Airy units represent the size of the disk radius calculated as a distance
between the central maximum and the first minimum of the Airy function. After
PHR, the reflected light is collected by the multi pixel photon counter (MPPC).
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The fluorescent scanning imaging path is the main imaging path used for detecting
fluorescence. Similar to the reflective imaging path, fluorescence from the sam-
ple passes through the MO, is de-scanned with the GM and RM, passes through
DM2, which separates fluorescence from the excitation beam and passes through
DM1, which separates the fluorescent light from the depletion beam. After DM1, a
bandpass emission filter, EF, rejects all of the non-fluorescent light and the lens fi f

couples the light through into the multimode optical fibre MMF which acts as the
confocal pinhole PHF. The fibre size is set to approximately 1AU The second end of
the MF is attached to the SPAD detector which is counting the incident fluorescent
photons.

2.1.5 Pinhole size calculations

The pinhole and its size is a very important part of the confocal microscope. It
reduces the out of focus light collected by the detector. Thanks to the pinhole, only
light originating in the imaging plane is acquired. It is crucial to pick the correct size
of it. If it is too small it will drastically reduce detected signal with no real gain in
the resolution. On the other hand, if the pinhole size is too large, the detector will
acquire the out of focus light, increasing the background and blurring the image. It
has been shown that the optimal size of the pinhole is 1AU [160]. The Airy disc size
radius can be calculated using the Abbe’s formula:

r =
0.61�

NA
=

0.61 · 637nm
1.45

= 268nm (2.3)

Meaning, that for the excitation beam wavelength of 637nm, the Airy disc radius
size is equal to r=268nm. Taking into account the magnification of the whole setup,
the Airy disc radius size in the fluorescent pinhole plane PHF is equal to:

rF = 0.268 · f 11
fMO
· f 9

f 10
· f 7

f 8
·

fi f

f 6
= 26.45µm (2.4)

Similarly, the Airy disc radius for imaging reflective objects PHR is equal to:

rR = 0.268 · f 11
fMO
· f 9

f 10
· fir

f 8
= 35.26µm (2.5)

Fluorescent imaging pinhole has been chosen so that it would match approxi-
mately 1AU, which means that the actual pinhole radius closest to 1AU is 25µm.
For reflective objects, in order to obtain quasi-widefield imaging, the pinhole size
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diameter is set to approximately 10 AU, for which the actual pinhole radius closest
to the calculated Airy disk is 400µm.

2.1.6 Filter Selection

A very important part of the fluorescent microscope setup is the proper choice
of filters that will separate the fluorescent photons from any other photons that
will introduce noise to the image. Especially when using a high power depletion
laser, it is important that the filters have high optical density for cutting out the
undesirable light. The fluorescent emission filter EF was placed in front of the SPAD
photon counter. In sample staining, the main fluorophores used were Atto 647n
and Abberior STAR 635P [161]–[163] that are excited with the 637nm laser and
Abberior STAR 470SXP [164] that is excited with the 488nm laser. The absorption
and emission spectra for each dye and the excitation and depletion laser lines are
presented in Figures 2.6 - 2.8.

FIGURE 2.6: Graph showing the absorption and emission spectra of the Atto647n
dye, excitation 637nm laser line wavelength and 766nm depletion laser line wave-
length. Graph also shows the spectral window bandwidth of the chosen emission

filter Semrock 676/37.

From analysing the spectra of the fluorescent markers, the Semrock 676/37 emission
filter was chosen. This filter transmits the emitted fluorescence of each of the chosen
dyes and none of the laser lines. The filter has transmission Tavg > 94% in the
wavelength range of 657.5nm - 694.5nm. The optical density of the filter for
wavelengths outside of the transmission window is approximately OD=7. Each of
the fluorescent emitted photons can be detected with the chosen filter and thanks
to the long Stokes shift of the Abberior STAR 470SXP it allows the same depletion
laser to be used in order to obtain super-resolution dual colour STED images.
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FIGURE 2.7: Graph showing the absorption and emission spectra of the Abberior
STAR 635P dye, excitation 637nm laser line wavelength and 766nm depletion laser
line wavelength. Graph also shows the spectral window bandwidth of the chosen

emission filter Semrock 676/37.

FIGURE 2.8: Graph showing the absorption and emission spectra of the Abberior
STAR 470SXP dye, excitation 488nm and 637nm laser line wavelength and 766nm
depletion laser line wavelength. Graph also shows the spectral window bandwidth

of the chosen emission filter Semrock 676/37.

2.2 Image acquisition and formation

In the laser scanning confocal microscope the image is built point by point by
scanning the sample with the focused laser beam. It is carried out by the combination
of two scanning mirrors: a galvanometric mirror (GM) for slow axis scanning and a
resonant mirror (RM) for fast axis scanning. Figure 2.9 shows a typical scanning
pattern resulting in the formation of the image in the resonant laser scanning
confocal microscope.
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FIGURE 2.9: Schematic of image acquisition in the microscope. Each number
represents the pixel of the final image, dt is pixel dwell time (time-frame in which
photons are being counted for single pixel). Firstly, a horizontal scan is carried out,
acquiring pixels from 1 to m. Horizontal scan is acquired in time equal t=dt·2m.
After the horizontal scan is done, beam is moved to the next vertical line. Full image
is acquired when all n horizontal line scans are performed. Red arrow represents

laser scanning direction when acquiring an image.

Image formation (Figure 2.9) can be described as following:

1. Horizontal line scan. This is the line scan carried out by the resonant mirror.
RM has a fixed 16kHz oscillation frequency, which means that the mirror
rotates from the 0o angle to its ↵max maximum angle and back to 0o in the
period of t=62.5µs. This period is the divided by the requested number of
pixels m. Hence, one pixel will have a dwell time of d t = 0.5t

m . Due to the
very rapid movement, pixel dwell times are very short, e.g. for 512 horizontal
pixels, d t ⇡ 60ns. For such short dwell times, the number of acquired photon
counts is very low, resulting in low signal to noise ratio (SNR). This can be
overcome by averaging, either by summing multiple horizontal line scans or
by summing multiple frames. Averaging can significantly improve the SNR,
but reduces the single frame acquisition time.

2. Vertical line scan. The galvanometric mirror rotates by the required angle after
the horizontal scan is finished. This is repeated n number of times. As a result,
an image of the size of m x n pixels is obtained. The final acquisition time
depends on the number of requested vertical pixels and averaging, e.g. a 512
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x 512 pixels image with no averaging will be acquired in t I = 512 · 62.5µs =
32ms, which translates to approximately 31 frames per second.

One of the downsides of using the resonant scanning mirror is its non-linear,
sinusoidal movement, due to acceleration and de-acceleration at 0o and ↵max . Be-
cause of this, the pixel dwell dime will be different at the edges compared to the
centre of the image, resulting in image elongation at the edges. Typical resonant
mirror motion is shown in Figure 2.10.

FIGURE 2.10: Typical image and graphs showing raw image acquired using resonant
mirror (a). Red curve represents the mirror deflection and green curve represents
the velocity at that angle. (b) shows the reversed and interlaced RAW image and
(c) the corrected image, with no elongation appearing in the edges of the image

(image downloaded from [165]).

The elongation can be corrected using multiple techniques, but they require
additional hardware in the microscope setup. Those techniques include image
post-processing [166], utilisation of a Ronchi grating for optical generation of the
pixel clock [167] and illuminating the back side of the mirror with a laser in order
to precisely determine the resonant mirror movement pattern [168]. Coupling
Ronchi grating with the photodiode detector generates the feedback through the
detected light intensity. As the resonant mirror moves, the light beam scans through
the equally spaced grating rulings. The pixel clock is generated by the transitions
between dark and bright states corresponding to the clear regions of the grating
and it triggers the microscope detector allowing acquisition of equally sized pixels.
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A graphical representation of the utilisation of the Ronchi grating is shown in Figure
2.11.

In my design, I decided not to use any of the elongation correction techniques
and in the final image I discarded elongated parts of the image, as the developed
microscope has already high degree of complexity. During the raw image post-
processing, areas acquired with a non-linear velocity are rejected. Since image
acquisition is bidirectional, the acquired raw image is doubled, because the resonant
mirror period ends at its starting position. In order to utilise the double image, the
translation between two images has to be precisely calculated. For this, I employed
robust, efficient subpixel image registration algorithm developed by Guizar-Sicairos
in the group of prof. Fienup,[169], [170] which I modified to work on the GPU
using the Matlab GPU support to increase the processing speed. The algorithm is
based on the image upsampled cross-correlation enabling subpixel accuracy to be
achieved. The image is first separated into two single images. The second image
is flipped and the shift between two images is found. Then the images are either
added together or averaged. The Matlab code for the raw resonant image folding is
attached in Appendix B.
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Detected light intensity
Position of the scanning beam on the Ronchi grating
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FIGURE 2.11: Application of Ronchi grating for correcting image elongation caused
by the inconsistent speed of the resonant mirror. Equally spaced rulings are scanned
with the laser light reflected from the resonant mirror (b) with sinusoidal movement
profile, represented by the red curve in (a). (c) shows the intensity detected by the
photodiode coupled to the grating and (d) is the generated pixel clock corresponding
the detected intensity. Pixel clock triggers the microscope detector and thanks to it,

acquired pixels have exactly the same size [165].
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2.3 Microscope control software

The microscope control software was written in Labview FPGA environment. The
system uses a National Instruments FPGA board (PCIe-7852R) for controlling the
image acquisition. The block diagram of the acquisition module is shown in Figure
2.12.

Enter Initial Values:
Number of X pixels
Number of Y pixels

Period available for on X pixel photon counts
Total number of hotizontal line scans

Number of Z stacks

Transfer initial calues from memory
to the FPGA on-board memory

Yes

Yes

Yes

Yes

Yes Yes

Yes

No

No No No

No

No

Repeat the horizontal line scan

Add 1 to the photon counts
in current pixel

Go to next Y pixel line Go to next Z stack
Is resonant mirror

in its starting position?

Are all the
X pixels acquired?

Did photon counter
detect a photon?

Is pixel acquisition
period finished?

Is current line scan
>

total number of line scans?

Is current Y pixel line
>

total number of Y pixels?

Is current Z stack
>

total number of Z stacks?

Transfer data from FPGA
on-board memory into the
host computer memory

Write total number of photon
counts of current pixel into
data storage container

FIGURE 2.12: Block diagram of the image acquisition module of microscope control
software.

The FPGA board is responsible for controlling the galvanometric mirrors by applying
voltage to them. This causes the rotation of the RM by the angle corresponding
to the applied voltage. The FPGA board is also used for detection of a TTL high
signal that is generated when the resonant mirror is in its starting position. Both
MPPC and SPAD photon counters are connected to the FPGA board and they send a
TTL high signal when a photon is detected. The last device connected to the FPGA
board is the piezo-electric stage that translates the microscope objective in the axial
direction (focusing). The rest of the devices are connected and controlled through
LabVIEW by the host computer.
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2.4 Adaptive optics and aberration correction

Aberration correction is a very important part of the designed STED microscope. The
depletion beam with the vortex or top hat phase mask is very sensitive to aberrations
and its shape is easily disturbed when aberrations or misalignment are present. In
the system developed for this work, phase mask alignment and aberration correction
is carried out by utilising an LCoS SLM. An SLM is a device that can modify the
phase of an incident beam. It is filled with anisotropic liquid crystal (LC) molecules,
with the same birefringence properties as a birefringent crystal. Depending on the
orientation of the optical axis of the LC molecule, its refractive index changes. As a
result, light propagating through LC has different propagation speed while passing
through differently oriented LC molecules. When a voltage is applied to the SLM,
its liquid crystal molecules rotate, changing orientation of their optical axis and
effectively their refractive index. This causes the change in the optical beam path of
the light propagating through the layer of liquid crystal and ultimately changing
the phase of the wavefront of the light that passes through the LC (Figure 2.13).
Then, the phase of the SLM is adjusted in the following way. Each of the pixels of
the SLM can introduce the phase shift to the incident wavefront in the range from
0 to 2⇡. Each pixel is responsible for changing the segment of the phase with the
size of the pixel. The aberrations cause distortions to the phase of the propagating
wavefront. Measuring those distortions we can apply to phase correcting pattern to
the SLM, hence correct the aberrations. Then, this phase has to be adjusted in such
a way that it will cancel out aberration introduced both by the optical elements and
measured specimen.

FIGURE 2.13: Schematic of how SLM operates. When voltage is applied, liquid crys-
tal molecules rotate, changing their refractive index which results in modification

of the phase of the incident beam.
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The aberrations can be mathematically described using Zernike polynomials.
Zernike polynomials are used to describe wavefront aberrations for circular aperture.
Thanks to this mathematical description, wavefront deformations can be classified
and quantitatively described. The aberration correction is carried out by modelling
Zernike polynomials and applying them onto the phase mask shaping the depletion
beam. A typical applied phase mask is shown in Figure 2.14. The polarisation state
of the incident beam has to be linear, matching the orientation of the LC in the SLM,
otherwise the SLM will only modulate amplitude of the incident wavefront, while
phase will remain unmodified (in the extreme case of crossed linear polarisations).
Such a prepared wavefront is reflected from the SLM which modifies its phase. The
displayed phase mask is modelled in such a way that it cancels out the aberrations
incoming from the optical setup and the sample. The modified wavefront can
now properly focus at the desired location even when propagating through a thick,
aberrating specimen.

2π

0

FIGURE 2.14: Schematic of the application of an SLM for aberration correction in
microscopy (a). Unmodified wavefront is reflected from the SLM which changes
the phase of the incident beam. The wavefront is modified in such a way, that it
compensated the aberrations introduced by the specimen. Thanks to the SLM, the
beam can reach the desired plane with increased peak intensity when compared to
the aberrated beam (assuming the scattering is low). Typical phase mask displayed

on the SLM is shown in (b).

The aberration correction method used in the microscope was based on opti-
misation algorithms and indirect wavefront sensing [100], [171]. Using indirect
wavefront sensing requires an iterative search routine that modifies the incident
wavefront in accordance to the maxima or minima of the chosen metric. The metric
must be directly associated with the image quality or resolution, such as brightness
or sharpness [103], [104]. A propagating wavefront can be modelled as a set of
orthogonal modes (i.e. independent from each other), such as Zernike modes.
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Zernike modes can be described as the polynomials, using the polar coordinates
[172]:

Zm
n (r,') = Rm

n (r) ·

8
>><
>>:

sin (m') f or m> 0

cos (m') f or m< 0

1 f or m= 0

(2.6)

where R(r) is a radial term, r is the normalised circular aperture radius (0 r  1),
' is the azimuthal angle measured in the clockwise direction from the y-axis.
Subscript n stands for the radial order, superscript m stands for the azimuthal order.
Polar coordinates are defined as following:

x = r · sin(') y = r · cos(') (2.7)

Graphical representation of the Zernike polynomials is shown in Figure 2.15.

Z

Z

0

1

0

-
1

Z

Z

2

4

0

0

Z

ZZ

Z Z Z Z

Z ZZZ

1

22

3 3 3 3

4 444

1

2-2

-
3

-
1

1 3

2 4-
2

-
4

2π

0

FIGURE 2.15: Zernike polynomials up to a 4th order shown as a phase changes for
circular aperture.

Utilisation of the set of orthogonal modes in aberration correction can be de-
scribed as ’sensorless’ wavefront sensing, where the aberration is considered as a
summation of orthogonal modes. [103], [173]. In this approach, we first choose the
set of modes that will be used for modelling the aberrations, e.g. Zernike polynomi-
als. Aberrations corresponding to Zernike polynomials are corrected one at a time.
For each Zernike polynomial Zm

n corresponding to the currently corrected aberration,
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an arbitrary range of amplitudes are chosen. The phase pattern with the range of Zm
n

values is then displayed on the SLM, deforming the wavefront in a controlled manner.
An image is acquired for each of the previously defined magnitude of the aberra-
tion and the quality metric is calculated. When a set of the quality metric values
corresponding to the range of the applied aberration amplitudes is obtained, using
the optimisation algorithms we can find an estimate of the aberration amplitude
that maximised the quality metric. Then applying the found aberration amplitude
will correct the wavefront deformation corresponding to the currently corrected
Zernike polynomial. The block diagram representing the correction workflow is
shown in Figure 2.16. The aberration process can mathematically be described as
an optimisation problem. Having the quality metric chosen, we want to maximise
it. Let us denote the metric function as M, which is a function of the set of control
signals P

�
c1, . . . , cp

 
that drive the SLM. The goal of the optimisation is to find

a control signal P that will maximise M
�

c1, . . . , cp

 
. The metric function can be

expressed as:

M ⇡ M0 �↵ (a+ c)2 (2.8)

where a is an aberration mode coefficient and ↵ is constant. M0 and ↵ are unknown,
as they are strongly related to the specimen structure, illumination intensity and
detection intensity.

Choose Zernike mode

Choose amplitude

Apply aberration

Acquire image

Calculate quality metric

Estimate Zernike correction

Apply corrected Zernike Mode

FIGURE 2.16: Workflow of the aberration correction routine used in the developed
microscope.
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Equation 2.8 obtains its maximum when c=-a. Since the control signal c can be
chosen arbitrarily, a can be determined by three measurements of M with different
values of c applied. The process of finding a can be described as follows:

• acquisition of an image with zero additional aberration applied (c=0). Metric
MZ corresponding to this image is calculated,

• two images are acquired with small amount of bias aberration applied c = ±b.
Metrics M+and M�corresponding to the applied aberration are calculated,

• a quadratic maximisation algorithm is used to determine the aberration am-
plitude a, by using information obtained in previous measurements:

a =
b (M+ +M�)

(2M+ � 4MZ + 2M�)
(2.9)

Using Equation 2.9, the amplitude corresponding to the maxima of the metric M is
found, as c=-a. The aberration correction routine is described in Figure 2.17.

Initial aberration Negative bias(-b) Positive bias(+b) Corrected

M-

MZ M+

a

FIGURE 2.17: Aberration correction routine using the indirect wavefront sensing
approach (image taken from [173]).

Correcting aberrations of the depletion beam in the STED microscope can be done
as following. The depletion beam is initially corrected by direct imaging of the
depletion beam using a reflective object, such as gold nanospheres. Using the
indirect wavefront sensing technique, the aberrations that are mostly originating
in the optical setup are corrected. Zernike polynomials that are corrected in the
aberration correction procedure are shown in Table 2.1.
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TABLE 2.1: Zernike modes and their mathematical representation that are corrected
in the aberration correction procedure

Zernike mode Zm
n (⇢,✓ ) Common name

Z1,1 2⇢ cos✓ Tip

Z1,�1 2⇢ sin✓ Tilt

Z2,0
p

3
�
2⇢2 � 1

�
Defocus

Z2,�2
p

6⇢2 sin2✓ Oblique astigmatism

Z2,2
p

6⇢2 cos 2✓ Vertical astigmatism

Z3,�1
p

8
�
3⇢3 � 2⇢

�
sin✓ Vertical coma

Z3,1
p

8
�
3⇢3 � 2⇢

�
cos✓ Horizontal coma

Z3,�3
p

8⇢3 sin3✓ Vertical trefoil

Z3,3
p

8⇢3 cos 3✓ Oblique trefoil

Z4,0
p

5
�
6⇢4 � 6⇢2 + 1

�
1st order spherical

Z6,0
p

7
�
20⇢6 � 30⇢4 + 12⇢2 � 1

�
2nd order spherical

Z8,0 3
�
70⇢8 � 140⇢6 + 90⇢4 � 20⇢2 + 1

�
3rd order spherical

The user has to choose the image quality metric and range of Zernike coefficient
values by defining the number of measurements and Zernike coefficient step size.
Then, to the acquired set of measurements, a Gaussian curve is fitted. The peak of
the Gaussian curve represents the Zernike mode value that maximises the selected
quality metric and minimises the aberration corresponding to this Zernike mode.
This process is repeated for all the Zernike modes that need to be corrected. After
initial aberration correction with gold beads, a second correction is performed.
The second correction is necessary, as it enables precise spatial alignment of the
excitation and depletion beams and maximises the depletion efficiency in the imaged
sample. In the second step of the correction, a fluorescent sample is imaged. When
a fluorescent signal is acquired, it is impossible to directly image the depletion
beam. In order to do the aberration correction, an image is acquired with both
excitation and depletion beams illuminating the sample. The depletion beam has
no STED phase mask applied, so a regular Gaussian beam is used. The aberration
correction is carried out in a similar manner to the previous step, when gold beads
were used, however this time, the valley of the fitted Gaussian curve is found. The
valley represents the Zernike mode that maximises the depletion event, which means
that the depletion beam has the maximum intensity for the Zernike mode value
corresponding to the Gaussian curve minima. Again, this process is repeated for the
number of modes that need to be corrected. Typical measurements and curve fits are
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shown in Figure 2.18 a) and 2.18 b), while Figure 2.18 c) shows typical corrected
phase mask. The aberration correction software was written in LabVIEW and is
based on the SLM aberration correction module that was shared by the Dynamic
Optics and Photonics group of Prof. Martin Booth.

c) 2π

0

FIGURE 2.18: A Typical aberration correction Gaussian curve fits obtained for (a)
direct imaging of depletion beam and finding the maximum of the metric; (b) fluo-
rescent image acquisition and finding minimum of the metric. Both measurements
are taken using square of total intensity of acquired image. (c) shows the phase
distribution that needs to be displayed on the SLM in order to correct aberrations.
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Chapter 3

Experimental methods

3.1 Super-resolution imaging of biological structures.

Having the microscope performance evaluated and being sure it is consistent in
getting super-resolution images, the next step was to do the imaging of biological
structures. The imaging was done using fixed HeLa cells, fixed RPE-1 cells and
fixed iPS cells. The samples were stained using the Atto647n or Abberior STAR635P
fluorescent secondary antibodies. The mounting medium that was used was 97%
solution of TDE in order to match the refractive index of the immersion oil. It has
been shown that TDE has very consistent and proven performance when used in
STED microscope [174].

3.1.1 Sample preparation.

• Cell culture

Both HeLa and RPE-1 cell lines were grown in T75 flasks. The growth medium
used was DMEM culture media with 10% Fetal Bovine Serum (FBS), 2mM
glutamine and antibiotics (100U penicillin / 0.1 mg/ml streptomycin). I used
12ml of growth medium per T75 flask. Cells were cultured in the 37oC CO2

incubator.

• Cells splitting protocol

When cells reached 100% confluence level they had to be split. I used the
regular cell splitting protocol, as following:

– aspirate growth medium

– wash cells with phosphate buffered saline (PBS) in order to clean the
cells from any dead cells

– add 2mL of Trypsin to remove the adherent cells from the flask wall
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– incubate for 5 minutes in the 37o CO2 incubator

– add 10ml of growth medium

– take 500µl - 2ml of suspended cells (depending of the needed cell con-
fluence) and pour them into the new T75 flask

– top up the flask with 12ml of growth medium

– put into 37o CO2 incubator

• Sample preparation
For sample preparation, I used #1.5 (0.17mm) coverslips cleaned in the 70%
ethanol. When the cell culture reached 100% confluence, cells were split
into 6-well plate with coverslips in it, using the same cell splitting protocol
described before. Cells were growing on the coverslips in the 37oC CO2 in-
cubator until they reached desired confluence level. Then, the samples were
fixed with the 3.7% formaldehyde (PFA) or 3.7% PFA with 0.1% Glutaralde-
hyde. Depending of the used fixation solution, sample preparation differed
slightly. Below are the protocols for each step of sample preparation. Usually,
the 3.7% PFA with 0.1% Glutaraldehyde is preferred for the microtubules
immunofluorescence labelling, as it preserves the microtubule structure much
better then pure PFA.

Preparation of PFA solution:

– put 10µl of HCl into skirted 50ml Falcon tube

– put 3.5ml of double-distilled water (DD H2O) and 10µl of KOH into
skirt-less 50ml Falcon tube

– weight 1.85g of paraformaldehyde and add it to the skirt-less Falcon tube
with the DD H2O

– boil 0.5l of water in the beaker and put the falcon tube with PFA into it.
Loosen the cap of the tube

– simmer the tube for 5 minutes, until the PFA is fully dissolved in the
water and the solution is clear

– pour the PFA solution into the 10ml syringe and filter it through the
0.2µm filter into the skirted falcon tube with the 10µl HCl

– top up the PFA solution till 43ml with PBS
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For the preparation of 3.7% PFA with 0.1% Glutaraldehyde, the protocol
remains the same and additional step is taken at the end with adding 0.1%
glutaraldehyde to the final 3.7% PFA solution.

Immunofluerescence labelling protocol:

– warm up the 3.7% PFA (alternatively 3.7% PFA with 0.1% Glutaralde-
hyde) and PBS to 37o C in water bath

– take the coverslips with desired confluence level of cells from the incuba-
tor and aspirate the growth medium

– wash the cells with warm PBS

– add 0.5ml of 3.7% PFA to each coverslip and incubate for 10 minutes

– aspirate PFA and wash the cells 3 times with the PBS with 0.1% Triton
X-100 (PBS-Tx)

– when using 3.7% PFA with 0.1% Glutaraldehyde as the fixing solution,
additional step of quenching is needed. Coverslips are put into 1mg/ml
of sodium borohydride solution for 5 minutes. Then they are washed 3
times with PBS-Tx

– block the cells overnight with the 1:1000 solution of normal goat serum
(NGS) in Antibody Diluting Solution (Abdil)

– wash cells 3 times with PBS-Tx

– add primary antibody solution diluted in Abdil

– incubate for 1hour

– wash cells 3 times with PBS-Tx with 10min incubation times

– add secondary antibodies diluted in Abdil

– incubate for 1hour

– wash cells 3 times with 10 minutes incubation times

– mount the cells with 97% TDE - in order to prevent cellular structure
from distortion by osmotic shock during embedding in TDE, the exchange
of water with TDE must be slow [174]. That is why the TDE has to be
used in the dilution series with PBS:

> prepare TDE solutions with PBS: 10% (v/v) TDE, 25% (v/v) TDE,
50% (v/v) TDE, and 97% (v/v) TDE.

> incubate sample in 10% (v/v) TDE for 10 min.
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> incubate sample in 25% (v/v) for 5 minutes

> incubate sample in 50% (v/v) TDE for 5 minutes

> incubate sample in 97% (v/v) TDE twice for 5 minutes each

– mount sample using a drop of 97% (v/v) TDE on slide

– seal the coverslip to the slide using clear nail polish

– put the samples into the fridge overnight

• Dopaminergic differentiation of ChiPSC4 cells
Cellartis human iPS cell line 4 (ChiPSC4) dopaminergic differentiation protocol
is based on the work published by Chambers et al. [175]. The protocol can
be described as following:

– ChiPSC4 iPS cells (wild type cells (WT) or with Bod1 gene removed
(Bod1-/-)) were maintained in mTESR media supplemented with Noggin
(10 ng/ml, Peprotech 120-10C), human bFGF (30 ng/ml, Peprotech
100-18B) and 100 U/ml Penicillin/ 100mg/ml Streptomycin.

– Cells were passaged by treating cells with TryPLE Select dissociation
solution at 16 µl/cm2 for 5 - 7 min. Cells were re-suspended in mTESR
supplemented as above with 10 µM Y27632 (Tocris 1254).

– Spin EBs (embryoid bodies) were generated by centrifuging 20,000 cells
per well at 600g for 5 min in a 96 well V-bottom plate.

– EBs were incubated at 37oC, 5% CO2 for 2 days before being harvested
and grown in ultra-low attachment dishes containing 2ml KSR media.

– After 2 days 50% media was exchanged for N2 media containing LDN-
193189 (500nM, Sigma SML0559) and SB-431542 inhibitor (10µM,
Transforming growth factor (TGS) beta receptor inhibitor, bio-techne
R&D Systems 1614). This exchange was repeated on day 4 and day 6.

– On day 8 approximately 25 - 30 EBs were plated per well of an ibidi
8 well imaging slide precoated with 1µg/cm2 poly-l-orthinine (Sigma
P4957) and laminin (Sigma L5444) into N2-inhib-DA1.

– Media was exchanged on day 10 and day 12.

– On day 14 media was exchanged for N2-DA1 and changed on days 16
and 18.

– On day 20 media was exchanged for N2-DA2 and changed every second
day.
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– Tissues were fixed and stained on day 30.

KRS media:

– 384 ml Knock Out DMEM

– 100 ml Knock Out replacement serum

– 5 ml glutamax

– 5 ml non-essential amino acids

– 5 ml pen/strep

– 1 ml 2-� -Mercaptoethanol

N2 media:

– Neurobasal media (Fisher 11570556) supplemented with N-2 (Invitrogen
17502048) and B-27 (Invitrogen 17504044)

DA-1 (medium used in the differentiation process)

– N2 media plus:

20 ng/ml BDNF (Prospec cyt-207)

200 µM AA (Sigma PHR1008)

20 ng/ml SHH (US Biological 218561-USB)

100 ng/ml FGF8 (Prospec cyt-839)

DA-2 (medium used in the differentiation process)

– N2 media plus:

20 ng/ml BDNF (Prospec cyt-207)

20 ng/ml GDNF (Prospec cyt-305)

200 µM AA (Sigma PHR1008)

1 ng/mlTGFb3 (Prospec cyt-368)

1 mM cAMP (Sigma D0627)
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Chapter 4

Characterisation of an Adaptive
Optics STED microscope

Having constructed the AO STED microscope, as described in the Chapter 2, I pro-
ceeded to the characterisation of its performance. Following sections show the
behaviour of the operating STED microscope and methods used for its characterisa-
tion and the importance of the aberration correction of the depletion beam.

4.1 Evaluation of microscope performance using gold

beads.

In order to measure the performance of both excitation beam and depletion beam
quality it is best to image the beams and calculate their point spread functions (PSF).
It is not possible to measure both beams using fluorescent detection, since there
are no such beads that would be excited at both wavelengths (637nm and 766nm).
Hence the measurements of the PSF for both beams are carried out by imaging gold
beads and collecting their reflected signal. Firstly, the PSF of the microscope has
been simulated using the following parameters:

• Pixel size: x = 26nm, y = 26nm, z = 30nm.

• Number of z stacks: 100

• NA = 1.45

The simulation was carried out in the ImageJ using the PSF Generator plugin
developed at the Biomedical Imaging Group of the École Polytechnique Fédérale
de Lausanne (EPFL) [176], [177]. For calculating the theoretical resolution of the
bead image, calculations of full width at half maximum values (FWHM) had to be
carried out. In order to do that, the cross-section of the bead in the XY, XZ and YZ
planes were taken and the Gaussian distribution was fitted to the intensity values.
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The fitting was done using an ImageJ curve fitting plugin. The Gaussian distribution
formula used in the curve fitting is shown in Equation 4.1:

G (x , x0, � , a, B) = a · e� 1
2

Ä x�x0
�/2.3548

ä
+ B (4.1)

where x is the position of the cross-section data, x0 is the position of the centre
of the peak, a is the value of the peak’s centre, � is the FWHM value and B is the
background value. Figure 4.1 shows the simulated PSF and its orthogonal views
for the excitation laser wavelength 637nm. The graphs in Figure 4.1 show the
cross-section of the simulated PSF and Gaussian distribution fitted to it according
to the Equation 4.1. Table 4.1 shows the FWHM values obtained for the simulated
PSF. Figure 4.2 and Table 4.2 show simulated PSF and the FWHM values obtained
for the same simulation for the wavelength equal to the depletion laser wavelength
766nm.
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FIGURE 4.1: 256x256 pixels simulation of the PSF for 637nm using the scalar Born
& Wolf’s approximation algorithm [178]. a) presents xy plane of the PSF, b) yz
profile, c) xz profile; d) x profile and Gaussian fitting, e) y profile and Gaussian

fitting, f) z profile and Gaussian fitting

TABLE 4.1: Calculated FWHM for the simulated PSF shown in Figure 4.1.

Number of pixels Pixel size [nm] FWHM [nm]
x 256 26 219
y 256 26 219
z 100 30 763
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FIGURE 4.2: 256x256 pixels simulation of the PSF for 766nm using Born & Wolf’s
algorithm. a) presents xy plane of the PSF, b) yz profile, c) xz profile; d) x profile
and Gaussian fitting, e) y profile and Gaussian fitting, f) z profile and Gaussian

fitting.

TABLE 4.2: Calculated FWHM for the simulated PSF shown in Figure 4.2

Number of pixels Pixel size [nm] FWHM [nm]
x 256 26 262
y 256 26 262
z 100 30 938

Having the simulated PSF for the experimental microscope configuration the
next step is experimental verification carried out by imaging gold beads. 150nm
gold nanoparticles from BBI solutions were diluted in ethanol and spread onto the
coverslip, which was then mounted using the 97% solution of TDE on the microscope
slide. Figure 4.3 and Figure 4.4 show the obtained PSF for both excitation beam
and depletion beam. Table 4.3 and Table 4.4 show the FWHM values calculated for
both beams. Images of gold beads were recorded for pixel size of 20nm and total
number of pixels of 256x256. The stack size was 20nm and total number of line
scan averages was set to 100. The field of view was 5µm x 5 µm.

TABLE 4.3: Calculated FWHM for the recorded PSF of 256x256 pixels 150nm gold
bead recorded with excitation laser.

Number of pixels Pixel size [nm] FWHM [nm]
x 256 26 247
y 256 26 233
z 100 30 708

Imaging gold beads also helps to image and evaluate the quality of the phase mask
applied on the SLM as well as spatial alignment of both STED and excitation beams.
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FIGURE 4.3: 256x256 pixels PSF of 150nm gold bead image recorded with excitation
laser. a) presents xy plane of the PSF, b) yz profile, c) xz profile; d) x profile and
Gaussian fitting, e) y profile and Gaussian fitting, f) z profile and Gaussian fitting.
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FIGURE 4.4: 256x256pixels PSF of 150nm gold bead image recorded with depletion
laser. a) presents xy plane of the PSF, b) yz profile, c) xz profile; d) x profile and
Gaussian fitting, e) y profile and Gaussian fitting, f) z profile and Gaussian fitting.

TABLE 4.4: Calculated FWHM for the recorded PSF of 256x256 pixels 150nm gold
bead recorded with depletion laser.

Number of pixels Pixel size [nm] FWHM [nm]
x 256 26 296
y 256 26 243
z 100 30 881

Imaging of the beam shape modified with the phase mask applied on the SLM is
very important, as aberrations can significantly distort the Laguerre-Gaussian beam.
A directly imaged depletion beam with vortex phase mask, top hat phase mask and
the effect of aberrations and misalignment in the beam are shown in Figure 4.5.
Figure 4.6 shows the proper spatial alignment and superposition of excitation beam
and depletion beam.
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FIGURE 4.5: Depletion beam shape imaged with the 150nm gold beads. a) vortex
phase mask is used for creating Laguerre-Gaussian for 2D STED; b) ⇡-step phase
mask is used for creating a 3D depletion beam; c) effect of misalignment and

aberrations on depletion beam.
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FIGURE 4.6: Depletion beam phase mask imaged with the 150nm gold beads merged
with the gold bead recorded with the excitation beam. This shows spatial alignment
of the excitation and depletion beams. a) vortex phase mask creating Laguerre-
Gaussian beam creating 2D depletion beam; b) ⇡-step phase mask creating the 3D

depletion beam.
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4.1.1 Laser pulse measurements

With proper spatial alignment of the STED and excitation beams, the next step is to
check the temporal alignment of the pulses of both lasers. In order to do that, pulses
were measured with a 2GHz photodiode (Thorlabs DET025A/M) and a fast 2GHz
oscilloscope. Pulses can be finely tuned using the electronic pulse delay unit (MPD
Picosecond Delayer). Results of the pulse measurements are shown in Figure 4.7.

FIGURE 4.7: Pulse measurements for excitation beam (orange) and depletion beam
(blue).

Pulses had to be measured separately for each laser, since the time resolution of
the diode was not sufficient to distinguish both pulses simultaneously. According to
previous reports, STED pulse should arrive approximately 150ps after the excitation
pulse, so that depletion the highest efficiency [128], [149]. Measurements shown
in Figure 4.7 show both pulses measured for the delay set to 2020ps, which makes
the depletion beam arrive ⇡160ps after the excitation pulse. The pulses were set to
40MHz repetition rate.

4.2 Fluorescent beads measurements

The next microscope performance test was imaging of fluorescent beads. The chosen
beads have to be much smaller than the anticipated resolution of the microscope.
The chosen beads were 23nm Gatta-Beads filled with Atto647n dye supplied by the
GattaQuant were already mounted on slides by the manufacturer. Figure 4.8 shows
images of fluorescent beads acquired in the confocal mode and for both 2D and 3D
STED phase masks.
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FIGURE 4.8: Comparison of the (a) confocal, (b) 2D STED and (c) 3D STED
images. Zoomed bead and its orthogonal views for confocal, 2D STED and 3D

STED microscope modes is shown on images d), e), f) respectively.

It is clear that there is a significant increase in the resolution of the STED images
well below the diffraction limit. For the evaluation of the resolution, several beads
were chosen and their FWHM was calculated. For calculating the FWHM the cross-
sections of the beads in XY and XZ plane were taken and either Gaussian (confocal)
or Lorentzian (2D STED and 3D STED) fits were done. For classic, confocal PSF
determination, blurring of the early photons can be accurately described using the
Gaussian function [127], [149]. Unfortunately, a Gaussian function is not a good
model for approximation of the PSF in the STED imaging. For the determination of
the FWHM of the STED images, a well established approximation of the STED PSF
is Lorentzian function [141], [179]. All the calculations were done in ImageJ using
the curve fitting option. The Gaussian distribution formula was already shown in
Equation 4.1 and formula for a Lorentzian distribution is shown in Equation 4.2:

L (x , x0, � , a, B) = a ·
�
�
2

�2

(x � x0)
2 +

�
�
2

�2 + B (4.2)

where x is the position of the cross-section data, x0 is the position of the centre
of the peak, a is the value of the peak’s centre, � is the FWHM value and B is the
background value. Figure 4.9 shows an example cross-section in XY and XZ planes
of the beads for different microscope modes(confocal, 2D STED, 3D STED) and
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either Gaussian distribution fit (confocal images) or Lorentzian distribution fit (2D
STED and 3D STED). The images were acquired using 56mW depletion laser power
measured at the BFP. Figure 4.10 shows the calculated FWHM for the set of 20
fluorescent beads acquired for all three microscope acquisition modes: confocal, 2D
STED and 3D STED. FWHM was calculated for both XY and XZ planes. The values
of the obtained FWHM are a good approximation of the resolution of the STED
microscope developed for this work.

Confocal 2D STED 3D STED

FIGURE 4.9: Typical cross-section of the fluorescent beads for confocal, 2D STED
and 3D STED microscope modes. Gaussian or Lorentzian curves were fitted to the
cross-sections in order to calculate the PSF and FWHM for each of the microscope
modes. Top row present the XY plane cross-section and bottom row presents XZ

plane cross-section.

FIGURE 4.10: Calculated average axial and lateral FWHM for the set of 20 fluores-
cent beads for different microscope modes: Confocal (orange), 2D STED (blue)

and 3D STED (grey).
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As a next step of the evaluation of the microscope performance, measurements
of the resolution of the microscope for different depletion laser powers were taken.
The theoretical lateral STED resolution can be approximated using Equation 4.3.

dST ED =
0.45�

NA
«

1+ I
Isat

(4.3)

where I is the depletion laser intensity and Isat is the fluorophore saturation intensity,
measured for the drop of total fluorescent intensity by the factor of 1/e. Table 4.5
shows the FWHM values obtained for the fluorescent beads acquired using 2D STED
phase mask for different depletion laser powers.

TABLE 4.5: Measured lateral resolution of the STED microscope for different deple-
tion laser powers

STED Power [mW] FWHM ± STD [nm]
5.5 155± 5.15
10 121± 5.1
21 91± 9.14
41 70± 6.9
56 61± 5.4

Figure 4.11 presents the theoretical curve of the STED microscope resolution for
different values of depletion laser power. The saturation intensity for the fluorescent
beads that were used in the experiment (23nm Gattabeads filled with Atto647n
fluorophore) Isat = 5.5mW at the BFP of the microscope objective. The measured
values fit well with the theoretical STED resolution curve which means that the
performance of the microscope is consistent and proper.

FIGURE 4.11: Theoretical STED resolution curve for the Isat = 5.5mW and the
measured FWHM of the fluorescent beads obtained for the fluorescent beads images

acquired for different depletion laser power at 40MHz repetition rate.
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The next measurement regarding the performance of the microscope was the evalu-
ation of the pulse delay giving the most efficient depletion and resolution increase.
Thanks to having the electronic pulse delay unit, it is possible to easily change the
delay of the depletion laser pulse with regard to the excitation laser. As before, the
same fluorescent bead sample was used and images were acquired for different pulse
delay values and constant depletion average laser power of 56mW. The obtained
results are shown in the Table 4.6 and Figure 4.12 and are consistent with the previ-
ously published results [149], [180], confirming that the most efficient depletion
and increase of the resolution is for the depletion laser pulse delay of approximately
160ps, measured as the distance between two excitation and depletion pulse peaks.

TABLE 4.6: Measured STED microscope resolution using 2D STED phase mask and
different depletion laser pulse delay values.

Pulse delay [ps] FWHM [nm]
60 70

160 55
260 60
360 67
460 90

FIGURE 4.12: Graph showing the Gaussian fit (confocal curve) and Lorentzian fit
(STED) obtained for the fluorescent beads images acquired with 2D STED phase

mask and different pulse delay values.
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4.3 Summary and conclusions of the microscope per-

formance evaluation.

As shown in the previous sections, I have successfully built an AO STED microscope.
I was able to quantify its performance based on the imaging on gold beads and
fluorescent beads. According to the performed measurements, the microscope can
carry out measurements with the lateral resolution up to 55nm using the classical,
vortex STED phase mask and axial resolution up to 160nm with the use of the Top
Hat STED phase mask. In my design I take advantage of the SLM that is used for
both dynamic change of the depletion beam phase mask and aberration correction.
Aberration correction routine (sensorless wavefront sensing) implemented in the
microscope setup can compensate for aberrations that are introduced by the optics
(static aberrations), as well as aberrations originating in the imaged sample (dy-
namic aberrations), thanks to the feedback loop. Knowing the microscope performs
consistently and having quantified its resolution I was able to proceed to the imaging
of the more challenging and interesting biological structures.
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Chapter 5

Biological samples imaging results.

The main reason for constructing a super-resolution fluorescent microscope is to
use it for imaging of the biological structures. This chapter presents results of the
imaging of different type of cells with the sub-diffraction resolution both in lateral
and axial direction.

5.1 Imaging of HeLa and RPE-1 cells microtubules.

The first biological structures I was interested in imaging were microtubules. I used
both HeLa and RPE-1 fixed cells for the experiment. Figure 5.1 shows the HeLa cell
microtubules, labelled using immunofluorescence labelling protocol described in
methods chapter 3, acquired with three different microscope modes: confocal, 2D
STED with vortex phase mask and 3D STED with top hat phase mask. Cells were
fixed with 3.7% formaldehyde. The experiment conditions used to acquire images
in Figure 5.1 were:

• primary antibody: mouse ↵-tubulin, 1:200 dilution

• secondary antibody: anti-mouse Abberior STAR 635P, 1:50

• image size: 1536 x 1536 x 80 voxels

• voxel size: 18nm x 18nm x 50nm

• single plane acquisition time: 41s

The images show the lateral plane at the 2.35µm volume of the sample. It is
clear, that the resolution significantly increased when using either of STED modes
compared to confocal image. 2D STED image is much sharper in the XY plane,
however, the axial resolution is comparable to the resolution obtained with confocal
imaging. The axial resolution of the 3D STED image is much higher when compared
to both confocal and 2D STED modes. 3D STED image also shows the slight increase
in the lateral resolution.
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FIGURE 5.1: HeLa cells ↵-tubulin labelled with Abberior STAR 635P. Top raw shows
the lateral plane images, bottom row shows the axial plane images in the ZX plane

at the A-A cross-section marked with the white, dashed line

5.2 Mitotic spindle imaging of the RPE-1 cells.

One of the goals of the project was to use the STED microscope built to obtain super-
resolution images of the human mitotic spindle. To achieve that, RPE-1 cells were
used. They were fixed in 3.7% formaldehyde with 0.1% glutaraldehyde. Figure
5.2 shows the mitotic cell in early anaphase. Images were taken using all the
microscope modes: confocal, 2D STED and 3D STED. What is worth noting, is that
the obtained image of the mitotic cell has significant thickness of approximately
12µm. When compared to published super-resolution STED images, presented
results usually are just single XY plane images at the edge of the coverslip. Thanks
to using the SLM for aberration correction, fine alignment of depletion beam with
regard to the excitation beam and possibility to change the depletion beam phase
mask, it is possible to acquire 3D super-resolution images of the biological structures.
Aberration correction for the depletion beam was carried out for the whole volume
of the imaged mitotic cell, with the Zernike modes corrected as shown in Table 2.1.

The experiment conditions used to acquire images in the Figure 5.2 were:

• primary antibody: mouse ↵-tubulin, 1:200 dilution

• secondary antibody: anti-mouse Abberior STAR 635P, 1:50 dilution

• image size: 1728 x 1024 x 240 voxels
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FIGURE 5.2: Comparison of the mitotic spindle images of RPE-1 cells with ↵-tubulin
stained with the Abberior STAR 635P acquired for different microscope modes:

confocal, 2D STED and 3D STED.

• voxel size: 18nm x 18nm x 50nm

• single frame acquisition time: 31s

Dashed blue rectangles in Figure 5.2 show the area that was zoomed and shown in
the bottom row. A-A and B-B mark the position where the cross-sections were taken
in order to measure the FWHM of the single microtubule showed in the images. The
cross-sections and the Gaussian curves fitted to them are shown in the Figure 5.3.

confocal fit
2D STED data
2D STED fit

confocal data

67nm 143nm

confocal fit
3D STED data
3D STED fit

confocal data

FIGURE 5.3: Cross-sections A-A and B-B of the microtubules shown in Figure 5.2.
Red lines represent Gaussian fits for the images obtained in the confocal mode,
blue lines represent Lorentzian fits for the images obtained in the 2D STED (A-A)

or 3D STED (B-B) modes.

Red curves represent the Gaussian fit to confocal cross-sections and blue curves
represent Lorentzian fit to 2D STED (A-A) and 3D STED (B-B) fit. Similar to the
bead images described in section 4.2, curve fitting was carried out using the curve
fitting tool of ImageJ and the Gaussian fit was done according to Equation 4.1, while
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the Lorentzian fit was performed according to the Equation 4.2. The FWHM was
calculated for both cross-sections and the results confirmed the previously calculated
FWHM for the fluorescent beads shown in Chapter 4. The lateral FWHM calculated
for the microtubule image acquired in 2D STED mode was 67nm and axial FWHM
calculated for the image acquired in 3D STED mode was 143nm. Figure 5.4 shows
another example of the mitotic cell being in the late anaphase. Similarly, an image
stack was acquired for 3 different microscope modes. Both 2D STED and 3D STED
show significant increase in the resolution. Super-resolution images show much
more detail either laterally and axially. As when imaging the mitotic cell in Figure
5.4, an aberration correction routine was performed for the whole volume of the
mitotic cell in which the same 9 Zernike modes were corrected. When imaging the
mitotic cells, the aberrations could be treated as constant in the full volume of the
mitotic spindle, as the correction at different planes and for the full volume gave
comparable results.
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FIGURE 5.4: Comparison of the mitotic spindle images with ↵-tubulin stained with
the Abberior STAR 635P acquired for different microscope modes: confocal, 2D

STED and 3D STED.

The experimental parameters that were used to obtain the images were same as
when acquiring the stack in Figure 5.4:

• primary antibody: mouse ↵-tubulin, 1:200 dilution

• secondary antibody: anti-mouse Abberior STAR 635P, 1:50

• image size: 1728 x 1024 x 240 voxels

• voxel size: 18nm x 18nm x 50nm
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• single frame acquisition time: 31s

5.3 Dual colour imaging

The next experiment I carried out was to confirm the ability of dual colour imaging
with the built STED microscope. In order to do that, a second excitation laser with
the wavelength of 488nm was used. Specially designed for STED, a long stoke shift
dye was used. A long stoke shift, in theory, should enable the use of two fluorescent
dyes with different absorption spectra and deplete them with the single depletion
wavelength. Figure 5.5 shows a comparison of confocal and 2D STED images of
RPE-1 mitotic cell acquired using 488nm excitation laser and 766nm depletion laser.

FIGURE 5.5: Comparison of confocal (left) and 2D STED (right) images of mitotic
cell with ↵-tubulin labelled with Abberior STAR 470SXP

Experimental parameters used for obtaining the images were:

• primary antibody: rabbit ↵-tubulin, 1:100 dilution

• secondary antibody: anti-rabbit Abberior STAR 470SXP, 1:50 dilution

• image size: 1024 x 1024 x 25 voxels

• voxel size: 20nm x 20nm x 200nm

• single frame acquisition time: 12s

The images in Figure 5.5 prove that the proposed STED microscope is working with
the long stoke shift dye, as the 2D STED image is sharper than the confocal one.
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However, the big problem with the dye was that the photobleaching was so severe,
that it does not allow for proper 3D imaging. This is why, this dye was usually used
only for obtaining a second channel for reference. It turned out to be very useful for
imaging of the mitotic cell structures such as pericentrin. Figure 5.6 shows RPE-1
dual-colour STED image.
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FIGURE 5.6: Dual colour 3D projection of mitotic cell with ↵-tubulin labelled with
Abberior STAR 470SXP (green) and pericentrin labelled with Abberior STAR 635P
(orange). Images on the right show zoomed structure of pericentrin acquired with
confocal, 2D STED and 3D STED microscope modes. Bottom row shows XZ plane

images for confocal, 2D STED and 3D STED images.

Figure 5.6 was acquired for the following experimental conditions:

• 1st primary antibodies: rabbit ↵-tubulin, 1:100 dilution

• 1st secondary antibody: anti-rabbit Abberior STAR 470SXP, 1:50

• 2nd primary antibody: mouse Pericentrin, 1:250 dilution

• 2nd secondary antibody: anti-mouse Abberior STAR 635P, 1:50

• image size: 1024 x 1024 x 120 voxels

• voxel size:

– blue channel: 27nm x 27nm x 100nm

– red channel: 27nm x 27nm x 50nm

• single frame acquisition time:

– blue channel: 7.3s
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– red channel: 12.1s

↵-tubulin structure in the Figure 5.6 is acquired using only confocal acquisition,
as the Abberior STAR 470SXP photobleaches very quickly and it was impossible to
acquire a full 3D super-resolution stack of it, as it requires longer exposure times and
acquisition of 3 different stacks. However, an additional channel is always useful in
imaging of biological structures, even if it only gives a reference image without the
super-resolution option.

5.4 iPS cells imaging

The most challenging imaging experiment carried out by the proposed 3D STED
microscope was the imaging of the iPS cells. They were cultured in the 8-well
chambered coverslip. While growing, iPS cells create random structures and the
microscope needs to be able to image through the thick tissue. In some areas of the
coverslip, they grow layers of tissue, while other areas show axons at the edge of
the well. For that reason, a second SLM was added to the 637nm excitation laser,
so that sample introduced aberrations can also be corrected for the excitation beam.
It is very important, especially when imaging through thick layers of tissue, as they
introduce strong spherical aberrations which are increasing with the depth. An
aberration correction routine was carried out for the structure that was imaged for
both excitation and depletion beams. Figure 5.7 shows the image of the iPS cell
labelled with the Tuj-1 primary antibody, a neuron-specific tubulin marker. The cells
were mounted in the 97% TDE mounting media. Images were acquired from the
region of the coverslip, where the axon grew at the edge of the coverslip, hence
the aberrations were not very strong. It is clear that the STED imaging shows more
detail of the dendrite attachments, and with 2D STED imaging all the structures
are much sharper. Such detail of the dendrite attachments would be impossible to
acquire using confocal microscope. Similarly, with the 3D STED imaging the axial
resolution is much higher, what can be seen in the comparison of the XZ plane image
in the Figure 5.7. Experimental parameters used for acquiring the image in Figure
5.7 were:

• primary antibodies: mouse Tuj-1

• secondary antibody: anti-mouse Abberior STAR 635P

• image size: 1024 x 1024 x 100 voxels
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• voxel size: 18nm x 18nm x 50nm

• single frame acquisition time: 21.7s
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FIGURE 5.7: iPS cell culture with the iPS cell specific tubulin marker: Tuj-1. Images
show the single axon end that grew at the coverslip. It was imaged using confocal,

2D STED and 3D STED modes.

The microscope showed its real capabilities in the imaging of the iPS cells with
the developed thick tissue in the sample. Figure 5.8 shows the confocal image of
axon deep below the surface of the thick tissue. The bleached rectangle in the image
shows the area where the STED images were taken, as they were acquired before
obtaining the stack of the tissue.
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FIGURE 5.8: Image of the iPS cell tissue stack (left) and its XZ projection at A-A
(right). Yellow dashed rectangle shows the location of the axon at the depth of

approx. 80µm.

Acquisition parameters for Figure 5.8:
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• primary antibodies: mouse Tuj-1

• secondary antibody: anti-mouse Abberior STAR 635P

• image size: 467 x 512 x 574 voxels

• voxel size: 100nm x 100nm x 200nm

• single frame acquisition time: 0.31s

As can be seen in the XZ cross-section A-A in the Figure 5.8, the axon grew at the
depth of approximately 80µm. Both excitation and depletion beams need to pass
through the tissue, which aberrates the wavefronts that propagate through it. In this
case, aberration correction have been carried out, as without it, the quality of the
image significantly dropped. Figure 5.9 shows the zoomed area that was bleached
in the Figure 5.8. Both images were acquired using confocal imaging.

202

0 5 µm
2 µm

FIGURE 5.9: Large field of view (left) and zoomed area (right) shown with yellow
dashed rectangle. The zoomed area shows the axon that was later imaged with
different STED modes of the microscope. Both of the above images were acquired

using confocal mode of the microscope.

Figure 5.10 shows the impact that aberration correction has when imaging highly
scattering and aberrating samples. When no aberrations are corrected, the image
loses contrast and resolution. There is a lot more background and a lot less signal.
If the SLM is used to correct for aberrations only in the excitation beam, the image
gains contrast and it has much higher resolution even compared to the 3D STED
image when no corrections are done. In the 3D STED image with both excitation
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and depletion beams corrected, the gain in the axial resolution is clearly seen.
Acquisition parameters were as following:

• primary antibodies: mouse Tuj-1

• secondary antibody: anti-mouse Abberior STAR 635P

• image size: 720 x 744 x 120 voxels

• voxel size: 27nm x 27nm x 50nm

• single frame acquisition time: 21.7s
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FIGURE 5.10: iPS cell axon imaged at the 80µm depth within tissue. The Confocal
AO corrected image shows confocal image acquired with the aberration correction
of the excitation beam, 3D STED AO Corrected shows the super-resolution image
acquired with 3D STED phase mask and for both excitation and depletion beams
corrected for aberrations, 3D STED No Corrections image show the image acquired
with no corrections of excitation or depletion beams. Yellow lines on the XY images

show the position at which the XZ and YZ cross-sections had been taken.

The images in Figure 5.10 confirm, that for the demanding samples, with struc-
tures that introduce significant aberrations, it would be impossible to use STED
imaging without adaptive optics and aberration correction. It has been shown,
that aberrations degrading 3D STED image quality introduced by highly aberrating
specimens, such as Drosophila brain, can be corrected using AO, although up to
date, the reported imaging depth did not exceed 15µm [158]. However, authors are
expecting to reach much larger depths with well prepared sample and aberration
correction.
As shown in Figure 5.10, it is indeed possible to obtain super resolution 3D STED
images in aberrating specimens at depth reaching 80µm. Figure 5.11 shows the
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FIGURE 5.11: Phase applied to the depletion beam SLM and corresponding Zernike
mode. Shown phase masks have been displayed on the SLM while acquiring images

from Figure 5.10

values of corrected Zernike coefficients used for obtaining image from Figure 5.10,
and the phase masks corresponding to the corrected Zernike polynomials. As
expected, spherical aberration plays a critical role in the degradation of the depletion
beam quality and resulting image.
Figure 5.12 shows the continuation of the axon shown in Figure 5.10 and the cell
body it is attached to. Again, the zoomed area was imaged using confocal and 3D
STED mode with and without aberration corrections.
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FIGURE 5.12: Image of the cell body of the same axon shown in the Figure 5.10.
The zoomed area on the right was imaged using 3D STED mode of the microscope.

In images shown in Figure 5.13, we can see a comparison of the cell body shown
in the Figure 5.12 and the effect aberration correction has on the quality of the
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final image. Again, aberration correction was performed for both excitation and
depletion beams. Acquisition parameters were as following:

• primary antibodies: mouse Tuj-1

• secondary antibody: anti-mouse Abberior STAR 635P

• image size: 1072 x 936 x 120 voxels

• voxel size: 27nm x 27nm x 50nm

• single frame acquisition time: 21.7s

• imaging depth: 80µm
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FIGURE 5.13: Image of the cell body of the same axon shown in the Figure 5.10.
The zoomed area on the right was imaged using 3D STED mode of the microscope.

Results presented in the Figure 5.13 confirm, that when aberrations are not
corrected, the resulting image is dimmer and has significantly lower resolution.
Thanks to AO and aberration correction, it was possible to acquire a super-resolution
image of the biological structure located deep inside aberrating tissue.
Taking into account the results obtained using designed STED microscope it is clear
that it fulfils the purposes it was built for. The microscope was able to acquire
super-resolution images with the sub-diffraction resolution both laterally and axially.
I was able to increase lateral resolution up to 55nm and axial resolution up to 150nm.
With proper sample preparation protocol, which was also established during this
work, the microscope can successfully acquire super-resolution images of biological
structures. Thanks to the application of the spatial light modulator it is possible to
change depletion beam phase mask dynamically. Employment of indirect wavefront
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modal sensing for aberration correction showed its power in imaging of samples
inside thick layer of tissue. The results show that without SLM and aberration
correction, it would be impossible to obtain 3D STED images of highly aberrating
specimens.
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Chapter 6

Conclusions and outlook.

6.1 Outlook

Even though it was shown that the STED microscope built here can be used to
obtain 3D super-resolved images when imaging through thick samples, there is still
room for improvements. In this chapter I will propose possible upgrades for the
microscope.

6.1.1 Image deconvolution

STED microscopy is the only super-resolution technique that provides sub-diffraction
images without the necessity of image reconstruction or processing. Yet, STED
images can be further improved with the deconvolution algorithms. When we
think about the resolution of the microscope as an ability of transferring the spatial
frequencies (Section 1.2), diffraction limits the maximum cut-off frequency kcut�o f f

that a classical microscope can transmit. All sample small details represented by
the frequencies above kcut�o f f will not be resolvable by the microscope and will
impose as blur in the acquired raw image. In STED microscopy, diffraction is not
the factor that limits the maximum kcut�o f f , hence theoretically all of the spatial
frequencies of the imaged sample are transmitted by the microscope [181], [182].
Unfortunately, even though in STED microscopy diffraction is not a barrier, the factor
that attenuates the frequencies that are effectively transmitted by the microscope is
noise. Notably, the resolving power of the STED microscope can be described as the
highest spatial frequency whose signal level is above the noise level. Increasing the
intensity of the depletion beam increases the kcut�o f f , but at the same time, with
higher depletion beam intensity SNR decreases, mainly due to the photobleaching.
What is more, increasing depletion beam intensity can lead to the photodamage in
the sample. The noise can be reduced by increasing the acquisition time, but this
leads to lower temporal resolution and longer sample exposure to the depletion
beam. To help with these problems, the implementation of deconvolution algorithms
for image restoration could potentially help uncover the information buried in the
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noise. Effective STED deconvolution can lead to faster and much less invasive
super-resolution imaging. There have been already some reports showing the STED
image restoration using deconvolution algorithms [183], [184]
In order to take advantage of deconvolution algorithms, knowledge of the OTF
or PSF is required. As shown in Figure 1.9, image formation through the optical
system can be shown as a convolution of the object and the PSF of the imaging
system. This means, that by knowing the PSF of the imaging system, we can do the
inverse operation in order to find the more detailed representation of the object.
This inverse operation is known as deconvolution. Graphically, deconvolution can
be described as in Figure 6.1

1 UoD=
Object
A(x,y)

Point Spread Function
PSF(x,y)

Image
A'(x,y)

FIGURE 6.1: Graphical representation of the image deconvolution operation.

In STED microscopy, PSF/OTF does not solely depend on the optics of the
microscope, but also on the parameters of the fluorescent dye used and sample
conditions [182]. Due to that, PSF/OTF of the microscope should be extracted
directly from the acquired image. I implemented the deconvolution algorithm
described in [183], preliminary results showing maximum intensity projection (MIP)
of bead images acquired with 2D STED phase mask are shown in Figure 6.2.
The acquisition parameters used for acquisition of the images in Figure 6.2 were:

• 23nm GattaBeads on the coverslip filled with Atto647N

• image size: 575 x 546 x 60 voxels

• voxel size: 18nm x 18nm x 50nm

• single frame acquisition time: 18s

Figure 6.3 presents the XY cross-section of the averaged bead from the Figure 6.2
and fitted Lorentzian curves.
According to the preliminary results, the FWHM of the acquired beads decreased
from 71nm to 44nm. This gives very promising outcome and possible application to
more images.
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FIGURE 6.2: Bead images acquired with the STED2D phase mask with a) no
deconvolution applied and b) deconvolved images. Images below a) and b) show

the zoomed area marked with the yellow dashed rectangle.
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FIGURE 6.3: Plots and FWHM of the beads shown in Figure 6.2. a) shows the cross-
section of the averaged bead for raw 2D STED image, b) shows the cross-section of

the averaged bead for the deconvolved 2D STED image.
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Deconvolved images increase the usually low signal to noise ratio of the raw
STED data. It effectively increases the resolution of the image, without increasing
the depletion beam power. Hence, deconvolution can lead to reduction of the sample
exposure to the depletion beam and, as a result, reduce the photobleaching and
phototoxicity effects. As mentioned before, the PSF of the STED microscope cannot
be estimated by imaging the fluorescent beads and it has to be calculated from the
image itself. This causes much more difficulties in applying correct deconvolution
algorithm for raw STED images. A big improvement in the deconvolution process of
STED data would be the implementation of blind or semi-blind deconvolution algo-
rithms, that use image information to automatically estimate the PSF/OTF [185]–
[187]. Unfortunately, up to date none of these algorithms has been successfully
implemented in STED microscopy [182], [183].

6.1.2 Possible system upgrades

The proposed AO 3D STED microscope, even though its performance is very satis-
fying, can still be upgraded and improved. In this section I will try to write about
possible upgrades that could improve the microscope performance.

Time-gating

For improving the resolution of the STED image, the intensity of the depletion beam
has to be increased. It causes the reduction of the effective PSF of the microscope.
Unfortunately, the increase of the depletion laser intensity causes the increased
photobleaching of the fluorophores and strongly decreases the SNR of the acquired
image. Thus it can be stated, that photobleaching and SNR is the limiting factor of
the effective STED microscope resolution.
Photobleaching in the microscope can be reduced by one of the following strategies:

• using a fluorophore in which the absorption spectra does coincide with the
wavelength of the depletion beam, or alternatively using a depletion beam
wavelength at which the fluorophore does absorb the depletion beam [131],
[137],

• fast scanning of the sample [188], [189] or reduction of the laser pulse
repetition rate [116], [136], allowing the molecules to relax before the arrival
of the next STED pulse,
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• minimising the unnecessary illumination of the fluorophores, by using excita-
tion and depletion beams only in the pixels corresponding to the sub-diffraction
regions (RESCue [190]) or similarly, acquiring only a defined sub-diffraction
area of interest in the sample (MINFIELD [191]. The combination of both
RESCue and MINFIELD, DyMIN has also been reported [192]

• time-gating for efficient use of the long STED pulses that reduce the photo-
bleaching of the sample [193]–[195]

The STED microscope system proposed in this work already takes advantage
of the fast sample scanning with the resonant mirror and long STED pulses. Flu-
orophores are selected, so that the overlapping of the STED wavelength with the
absorption spectra is minimal. The STED pulse width is at the sub-nanosecond
region for further reduce of the photobleaching. However, with the increase of the
STED pulse width, effective resolution is decreasing due to the lower fluorophore
quenching [119], [127], [129]. As a result, the increase of the resolution comes
with the cost of the increased photobleaching with short STED pulses and vice versa;
and reduction of the photobleaching by stretching the STED pulse decreases the
spatial resolution of the STED microscope. Fortunately, it has been shown that the
application of time-gating can help maintain the resolution while widening the STED
pulse [195]. Depletion efficiency of the depletion beam does not depend on the
pulse width when the fluorescent photons are collected immediately after the arrival
of the depletion pulse. In such case, the resolution is dependent on the average
depletion beam intensity instead of the peak intensity [129]. Hence, time-gating
can increase the depletion efficiency of the STED microscope.
In [195] the authors claim, that the application of time-gating allows the same
comparative resolution and SNR for the 600ps depletion pulses as for 200ps pulses.
Time-gating was achieved with the application of a gated photon counter with
programmable width of the gating window developed by Boso et al. in [196]. The
photon counter output was connected to a NI FPGA-based data acquisition card that
carried out photon counting. The excitation laser was connected to the electronic
pulse delay unit (MPD Picosecond Delayer), which triggered the photon counter.

Such an implementation should be possible in the STED system proposed in this
thesis, as it also uses FPGA-based data acquisition and a single photon counting
module possible of triggered detection. The system would require additional elec-
tronic delay unit for the fine adjustment of triggering gated detection, but apart from
that it should be capable of time-gating with slight modification of the microscope
control software.
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Two-colour imaging

Even though the microscope developed in this thesis proved it is capable of acquiring
dual-colour fluorescent imaging, it would require further investigation of the efficient
fluorophores or addition of another excitation laser. Dual-colour results presented in
the Chapter 5 showed, that for the used blue dye (Abberior STAR 470SXP) bleaching
rate was too fast for obtaining high quality super-resolution STED images. The
imaging should be tested for different dyes that can be excited with the 488nm laser
and depleted with the 766nm laser, as those are already available in the system.
Reports have shown, that alternatives to Abberior STAR470SXP exist and can be used
in STED microscopes, such as Chromeo 494 [197] or Atto 490LS [198]. Alternatively,
another laser with the wavelength of 590nm, such as Picoquant LDH D-TA-595
could be applied. It has been reported, that the 590nm wavelength laser can be
successfully used with the depletion laser wavelength of approximately 766nm and
one of the following dyes: ATTO 590, ATTO 594, Abberior STAR580 [91], [194],
[199]. With relatively low system changes, two-colour STED imaging could be
improved in the existing setup.

Live-cell imaging

Thanks to the application of fast scanning resonant mirror and minimisation of the
photobleaching, the setup should be capable of doing live cell imaging. Live cell
STED microscopy has been reported in a number of papers up to date. The most
common fluorescent markers for live cell imaging are fluorescent proteins [200],
self-labelling protein tags, such as CLIP-, HALO- or SNAP- [197], [201]–[203], or
ligand-coupled probes that bind to the targeted protein, such as silicone-rhodamine
(SiR) [204], [205]. All of the mentioned dyes were successfully used for live cell
imaging. The biggest problem of live cell imaging with STED is the phototoxicity
due to the high intensity of the depletion laser. It is dependent on the illuminating
wavelength of the laser. Far red wavelengths strongly decrease the phototoxicity
compared to the ultraviolet light [206]. Due to that, there has been strong interest
in development of far-red fluorescent markers. According to recent reports, SiR
probes provide a very desired properties for live-cell STED imaging: it has high
brightness, high labelling specificity and high stability [202].
SiR dyes are fully compatible with the excitation and depletion lasers spectra of the
built STED microscope. With the addition of the environmental chamber that can
sustain the life cycle of the cells, the system could be easily modified for life cell
imaging.
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6.2 Conclusions

The purpose of this work was to successfully build and use a super-resolution stimu-
lated emission depletion fluorescent microscope, capable of imaging challenging
samples with resolution exceeding capabilities of classical widefield or confocal
systems. The goal of the project was successfully fulfilled and the results were
described in previous chapters. I proposed an AO 3D STED system, that enabled
super-resolution imaging of thick biological structures. In optical methods Chapter
2, I have written a detailed description of the microscope setup and the purpose of
all elements. Built microscope exploits advanced devices such as spatial light modu-
lators. SLMs enable imaging of complex structures, even when focusing through
aberrating media. The performance of the microscope shown in Chapter 4 proved
that the system has the means of imaging beyond the diffraction limit, demonstrating
the resolution enhancement in both lateral and axial direction. I was able to obtain
the resolution of 55nm laterally and 150nm axially, measured on the fluorescent
beads samples.

Apart from being able to image test samples, in Chapter 5 I have shown that it
is possible to use the microscope for imaging the biological structures. HeLa and
RPE-1 cell samples were imaged. The system performed consistently whether it was
imaging thin, <4µm microtubule structures in HeLa cells (Figure 5.1) or thicker
>10µm RPE-1 cell mitotic spindle (Figure 5.2). The results obtained from imaging
biological samples showed that the resolution surpassed the diffraction limit in all
directions, and calculations shown that even for thick samples, ⇡60nm lateral and
⇡150nm axial resolution can be achieved.
However, the real strength and possibilities of the microscope unveiled when more
challenging samples where used. iPS cells grow in a fairly random way, creating
tissues in some areas, while other places remain tissue free. Tissue causes strong
aberrations to the beam that propagates through them. Fortunately, thanks to the
application of adaptive optics, I was able to correct the depletion and excitation
beams, what resulted in much improved, more detailed images compared to the
non-corrected images (Figure 5.10). When no AO correction was applied, the image
resulted in much more blur and lower contrast. 3D resolution looked particularly
good in the 3D STED image with AO correction.

Estimating the performance of the microscope and using it for imaging of thick,
aberrating specimens, it can be claimed that the AO 3D STED microscope can
provide data unavailable to other microscopes, especially diffraction limited systems.
Without the AO correction, imaging deep, through the aberrating tissue would not
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provide such a detailed results. When compared to the other works, 3D STED was
only achieved at depths of <15µm [94], [157], [158]. When compared to 2D STED
phase mask, 3D STED phase mask is even more sensitive to aberrations, hence it is
crucial to use AO when imaging thick, >10µm samples. Shown in this work, 3D
STED imaging proved to work even when focusing through 80µm thick tissue.

What is more, the benefits of having the custom built systems are that it can be
adjusted for the end-user needs. As described in the Outlook 6.1 section, with little
additional elements or modifications, the effective resolution could be increased
with time gating, SNR can be raised with the deconvolution, dual-colour imaging has
an enhancement potential and live-cell imaging can be introduced with the addition
of environmental chamber. The proposed AO 3D STED microscope has shown it
can successfully image thick samples with both axial and lateral sub-diffraction
resolution as well as it showed the potential for further improvements. There are
still a lot of areas that the microscope can be investigated and challenging samples
that it can be used to possibly unveil new information about imaged structures.
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Appendix A

Parts list table

TABLE A.1: Parts numbers and names used in the built STED microscope.

Name in
Fig 2.1

Part name Part number

637nm Excitation laser head 637nm PicoQuant LDH-P-C 640B

637nm Excitation laser head driver PicoQuant PDL 800-B

766nm Depletion laser 766nm PicoQuant VisIR 765
STED

APP Anamorphic Prism Pair Thorlabs PS873-A - N-
KZFS8

FC Coupling Lens f=15.29mm Thorlabs C260TMD

PMF Polarisation Maintaining Fibre Thorlabs P5-630PMAR-2

M1-M6 Broadband Dielectric Mirrors Semrock MI1050-SBB

f1 Molded glass aspheric lens, B-
Coated, f = 11mm

Thorlabs A220TM-B

f2 Achromatic Double, B-Coated, f =
80mm

Thorlabs AC254-080-B-
ML

f1’ Achromatic Double, B-Coated, f =
300mm

Thorlabs AC254-300-B-
ML

f2’ Achromatic Double, B-Coated, f =
50mm

Thorlabs AC254-050-B-
ML

f3 FC/PC 633nm Fiber collimation
package, f = 10.99mm

Thorlabs F220FC-B

f4 Achromatic Double, A-Coated, f =
30mm

Thorlabs AC127-030-A-
ML

f5 Achromatic Double, A-Coated, f =
50mm

Thorlabs AC254-050-A-
ML

f6 VIS-NIR, Inked, Achromatic Lens,
f = 400mm

Edmund Optics #49-369-
INK
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TABLE A.1: Parts numbers and names used in the built STED microscope.

Name in
Fig 2.1

Part name Part number

f7 VIS-NIR, Inked, Achromatic Lens,
f = 200mm

Edmund Optics #49-364-
INK

f8 VIS-NIR, Inked, Achromatic Lens,
f = 60mm

Edmund Optics #49-357-
INK

f9 VIS-NIR, Inked, Achromatic Lens,
f = 50mm

Edmund Optics #49-356-
INK

f10 VIS-NIR, Inked, Achromatic Lens,
f = 38mm

Edmund Optics #49-788-
INK

f11 VIS-NIR, Inked, Achromatic Lens,
f = 300mm

Edmund Optics #49-368-
INK

f12 VIS-NIR, Inked, Achromatic Lens,
f = 200

Edmund Optics #49-364-
INK

fi f VIS-NIR, Inked, Achromatic Lens,
f = 60mm

Edmund Optics #49-364-
INK

fir VIS-NIR, Inked, Achromatic Lens,
f = 40mm

Edmund Optics #49-364-
INK

MO 100x NA 1.45 Microscope Objec-
tive

Nikon CFI Plan Apo
Lambda 100X Oil

SLM Spatial Light Modulator Hamamatsu X-10468-02

GLP Glan Laser Polariser, B-Coated Thorlabs GL10-B -
Mounted

�/2 Achromatic Half Wave Plate Thorlabs AQWP05M-600

�/4 Quarter Wave Plate Thorlabs AHWP05M-600

GM Galvanometer Mirror Pair Scanlab DynAXIS XS

RM Resonant Mirror EOPC SC-30

Pellicle 8:92 Pellicle Beamsplitter Thorlabs BP108

PHR 200µm Pinhole Thorlabs P200S

PHF 50µm Pinhole Thorlabs P50H

EF Emission Filter Semrock 676/37

DM1 Dichroic Mirror Semrock FF720-SDi01

DM2 Dichroic Mirror Chroma ZT647rdc-UF3

DM3 Dichroic Mirror Chroma ZT561rdc-UF3
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TABLE A.1: Parts numbers and names used in the built STED microscope.

Name in
Fig 2.1

Part name Part number

x-y motorised
stage

XY closed loop flat top translation
stage

ASI Imaging ASI
S31121010FT

Z piezo stage Complete nanopositioning system Piezoconcept HS1.70

SPAD Single Photon Avalanche Diode Excelitas SPCM-780-13-
FC

MPPC Multi Pixel Photon Counter Hamamatsu C13366
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Appendix B

Matlab Code

clear all;

addpath('\MATLAB\efficient_subpixel_registration')

addpath('\MATLAB')

javaaddpath('\MATLAB\bfmatlab\bioformats_package.jar');

currentDirectory = pwd;

[upperPath, deepestFolder, ext] = fileparts(currentDirectory);

if isempty(ext) == 0

deepestFolder = strcat(deepestFolder,ext);

end

selectROI = 1;

name_out_sum = strcat(currentDirectory,'\Rec_Sum');

name_out_avg = strcat(currentDirectory,'\Rec_Avg');

fileID = fopen('Params.txt');

formatSpec = ['X Step Size [um]: %f X Steps: %d'...

'Y Step Size [um]: %f Y Steps: %d Z Step Size [nm]: '...

'%f Z Slices: %d Number of line scans: '...

'%d Number of Frame Averages: '...

'%d Frame Acquisition time [ms]: %f'];

Params = textscan(fileID,formatSpec,...

'Delimiter', '\n');

dx = Params{1}; %% X pixel size [um]

imsizeX = Params{2}; %% Number of X pixels

dy = Params{3}; %% Y pixel size [um]

imsizeY = Params{4}; %% Number of Y pixels

dz = Params{5}/1000; %% Z pixel size [um]

imsizeZ = Params{6}; %% Number of Z stacks

exposure = Params{9};

img_raw = zeros(imsizeY,imsizeX,imsizeZ,1,1,'uint16');
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for ii=0:1:imsizeZ-1

% tic

disp(ii);

name = strcat('_',int2str(ii),'.tiff');

img_raw(:,:,ii+1,1,1) = (imread(name));

end

if selectROI == 1

MIP=max(img_raw,[],3);

S = [1 1 848 280];

figure(1), imagesc(MIP);

h = imrect(gca, S);

addNewPositionCallback(h,@(p) title(mat2str(p,3)));

fcn = makeConstrainToRectFcn('imrect',...

get(gca,'XLim'),get(gca,'YLim'))

setPositionConstraintFcn(h,fcn)

position = wait(h);

position1 = round(position);

img_raw = img_raw(position1(2):position1(2)+position1(4)-1,...

position1(1):position1(1)+position1(3)-1,:);

[imsizeY, imsizeX, imsizeZ] = size(img_raw);

close(figure(1));

end

metadata_raw = createMinimalOMEXMLMetadata(img_raw);

img_raw_XZ = zeros(imsizeZ,imsizeX,imsizeY,1,1,'uint16');

metadata_raw_XZ = createMinimalOMEXMLMetadata(img_raw_XZ);

img_raw_YZ = zeros(imsizeY,imsizeZ,imsizeX,1,1,'uint16');

metadata_raw_YZ = createMinimalOMEXMLMetadata(img_raw_YZ);

pixelSizeX = ome.units.quantity.Length(java.lang.Double(dx),...

ome.units.UNITS.MICROMETER);

pixelSizeY = ome.units.quantity.Length(java.lang.Double(dy),...

ome.units.UNITS.MICROMETER);

metadata_raw.setPixelsPhysicalSizeX(pixelSizeX, 0);

metadata_raw.setPixelsPhysicalSizeY(pixelSizeY, 0);

pixelSizeZ = ome.units.quantity.Length(java.lang.Double(dz),...

ome.units.UNITS.MICROMETER);

metadata_raw.setPixelsPhysicalSizeZ(pixelSizeZ, 0);

metadata_raw_YZ.setPixelsPhysicalSizeX(pixelSizeZ, 0);

metadata_raw_YZ.setPixelsPhysicalSizeY(pixelSizeY, 0);

metadata_raw_YZ.setPixelsPhysicalSizeZ(pixelSizeX, 0);
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metadata_raw_XZ.setPixelsPhysicalSizeX(pixelSizeX, 0);

metadata_raw_XZ.setPixelsPhysicalSizeY(pixelSizeZ, 0);

metadata_raw_XZ.setPixelsPhysicalSizeZ(pixelSizeY, 0);

img_rec_avg = zeros(imsizeY,round(imsizeX/2),...

imsizeZ,1,1,'uint16');

metadata_rec_avg = createMinimalOMEXMLMetadata(img_rec_avg);

img_rec_avg_XZ = zeros(imsizeZ,round(imsizeX/2),...

imsizeY,1,1,'uint16');

metadata_rec_avg_XZ = createMinimalOMEXMLMetadata(img_rec_avg_XZ);

img_rec_avg_YZ = zeros(imsizeY,imsizeZ,...

round(imsizeX/2),1,1,'uint16');

metadata_rec_avg_YZ = createMinimalOMEXMLMetadata(img_rec_avg_YZ);

metadata_rec_avg.setPixelsPhysicalSizeX(pixelSizeX, 0);

metadata_rec_avg.setPixelsPhysicalSizeY(pixelSizeY, 0);

metadata_rec_avg.setPixelsPhysicalSizeZ(pixelSizeZ, 0);

metadata_rec_avg_YZ.setPixelsPhysicalSizeX(pixelSizeZ, 0);

metadata_rec_avg_YZ.setPixelsPhysicalSizeY(pixelSizeY, 0);

metadata_rec_avg_YZ.setPixelsPhysicalSizeZ(pixelSizeX, 0);

metadata_rec_avg_XZ.setPixelsPhysicalSizeX(pixelSizeX, 0);

metadata_rec_avg_XZ.setPixelsPhysicalSizeY(pixelSizeZ, 0);

metadata_rec_avg_XZ.setPixelsPhysicalSizeZ(pixelSizeY, 0);

img_rec_sum = zeros(imsizeY,round(imsizeX/2),...

imsizeZ,1,1,'uint16');

metadata_rec_sum = createMinimalOMEXMLMetadata(img_rec_sum,'XYZCT');

img_rec_sum_XZ = zeros(imsizeZ,round(imsizeX/2),...

imsizeY,1,1,'uint16');

metadata_rec_sum_XZ = createMinimalOMEXMLMetadata(img_rec_sum_XZ);

img_rec_sum_YZ = zeros(imsizeY,imsizeZ,...

round(imsizeX/2),1,1,'uint16');

metadata_rec_sum_YZ = createMinimalOMEXMLMetadata(img_rec_sum_YZ);

metadata_rec_sum.setPixelsPhysicalSizeX(pixelSizeX, 0);
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metadata_rec_sum.setPixelsPhysicalSizeY(pixelSizeY, 0);

metadata_rec_sum.setPixelsPhysicalSizeZ(pixelSizeZ, 0);

metadata_rec_sum_YZ.setPixelsPhysicalSizeX(pixelSizeZ, 0);

metadata_rec_sum_YZ.setPixelsPhysicalSizeY(pixelSizeY, 0);

metadata_rec_sum_YZ.setPixelsPhysicalSizeZ(pixelSizeX, 0);

metadata_rec_sum_XZ.setPixelsPhysicalSizeX(pixelSizeX, 0);

metadata_rec_sum_XZ.setPixelsPhysicalSizeY(pixelSizeZ, 0);

metadata_rec_sum_XZ.setPixelsPhysicalSizeZ(pixelSizeY, 0);

for ii=0:1:imsizeZ-1

disp(ii);

name = strcat('_',int2str(ii),'.tiff');

img = gpuArray(double(img_raw(:,:,ii+1,1,1)));

img1 = img(:,1:round(imsizeX/2));

img2 = img(:,round(imsizeX/2)+1:end);

img2 = fliplr(img2);

[output Greg] = dftregistration(fft2(img1),fft2(img2),100);

img_rec_avg(:,:,ii+1) = uint16(gather((img1+real(ifft2(Greg)))/2));

img_rec_sum(:,:,ii+1) = uint16(gather(img1+real(ifft2(Greg))));

end

img_raw_XZ = permute(img_raw,[3 2 1]);

img_raw_YZ = permute(img_raw,[1 3 2]);

img_rec_avg_XZ = permute(img_rec_avg,[3 2 1]);

img_rec_avg_YZ = permute(img_rec_avg,[1 3 2]);

img_rec_sum_XZ = permute(img_rec_sum,[3 2 1]);

img_rec_sum_YZ = permute(img_rec_sum,[1 3 2]);

disp(strcat('Saving',32, upperPath,'\',deepestFolder,...

'_Raw','.ome.tif'));

bfsave(img_raw, strcat(upperPath,'\',deepestFolder,...

'_Raw','.ome.tiff'), 'metadata', metadata_raw);

disp(strcat('Saving',32, upperPath,'\',deepestFolder,...

'_Rec_Sum','.ome.tiff'));

bfsave(img_rec_sum, strcat(upperPath,'\',deepestFolder,...

'_Rec_Sum','.ome.tiff'), 'metadata', metadata_rec_sum);

disp(strcat('Saving',32,upperPath,'\',deepestFolder,...

'_Rec_Avg','.ome.tiff'));

bfsave(img_rec_avg, strcat(upperPath,'\',deepestFolder,...

'_Rec_Avg','.ome.tiff'), 'metadata', metadata_rec_avg);
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disp(strcat('Saving',32, upperPath,'\',deepestFolder,...

'_Rec_Sum_XZ','.ome.tiff'));

bfsave(img_rec_sum_XZ, strcat(upperPath,'\',deepestFolder,...

'_Rec_Sum_XZ','.ome.tiff'), 'metadata', metadata_rec_sum_XZ);

disp(strcat('Saving',32, upperPath,'\',deepestFolder,...

'_Rec_Avg_XZ','.ome.tiff'));

bfsave(img_rec_avg_XZ, strcat(upperPath,'\',deepestFolder,...

'_Rec_Avg_XZ','.ome.tiff'), 'metadata', metadata_rec_avg_XZ);

disp(strcat('Saving',32, upperPath,'\',deepestFolder,...

'_Rec_Sum_YZ','.ome.tiff'));

bfsave(img_rec_sum_YZ, strcat(upperPath,'\',deepestFolder,...

'_Rec_Sum_YZ','.ome.tiff'), 'metadata', metadata_rec_sum_YZ);

disp(strcat('Saving',32, upperPath,'\',deepestFolder,...

'_Rec_Avg_YZ','.ome.tiff'));

bfsave(img_rec_avg_YZ, strcat(upperPath,'\',deepestFolder,...

'_Rec_Avg_YZ','.ome.tiff'), 'metadata', metadata_rec_avg_YZ);
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