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Abstract 

Fluorescence microscopy is an essential tool for biological research to study subjects such as 

cellular functions, spatial organization, or protein interactions. For more than a century, it is 

known that the resolution of conventional optical microscopy is limited to about 200 nm based 

on the calculation of Ernst Abbe in 1873. This resolution limitation restricted the understanding 

of the structural organization for many biological researches.  

In the late 20th century, several super-resolution microscopy methods were developed 

to resolve cellular structures beyond the resolution limit. In this PhD research, single molecule 

localization microscopy (SMLM) was used to image nuclear structures with a resolution down 

to several nanometers. The optical setup for SMLM is based on a standard optical design of a 

fluorescence microscope equipped with lasers. The concept of this method is to induce blinking 

of fluorophores in a sample, resulting in sparse isolated diffraction limited spots in the images. 

The position of these isolated molecules can be determined precisely and a super-resolution 

image can be obtained after accumulating all localized positions of the fluorophores. This high 

resolution microscopy method helps many biological studies to visualize protein interactions 

or to see the fine structure of organelles.  

The scope of this PhD research is to develop a 3D SMLM microscope which can 

overcome several principle limitations in imaging nuclei in 3D. Firstly, one of the most 

common problems of a microscope is sample drift. It is especially critical for super-resolution 

microscopy, because a small sample drift may result in artefacts and can hamper the resolution. 

Secondly, another principle problem is that commonly used organic fluorophores are restricted 

in their photon budget. It is often observed that the chemical structure of fluorophores change 

after high laser irradiance resulting in photobleaching. Thirdly, for SMLM in particular, a 

carefully adjusted chemical environment in the sample is recommended to induce sufficiently 

blinking signals of the organic fluorophores in combination with an appropriate laser irradiance. 

However, such an imaging buffer can degrade over time and may not be suitable for long time 

imaging. The above-mentioned limitations motivated the further development of SMLM in a 

technical perspective during this PhD research.  

In the following content of this thesis, Chapter 1 introduces fluorescence microscopy 

and the standard optical elements of a microscope system. However, a conventional 

fluorescence microscopy cannot resolve structures such as nucleosomes, the smallest unit of a 

nucleus, and the higher organization of the chromatin. The principle concept of SMLM is 

introduced and different approaches to induce blinking of fluorophores such as fluorescent 
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proteins and organic fluorophores are presented. For imaging nuclei, different DNA 

fluorophores are discussed depending on their labeling positions. SMLM method based on 

fluctuation-assisted binding-activated localization microscopy (fBALM) will be introduced, 

because of its fluorescence properties for achieving high localization precision of the detected 

molecules and low selectivity of DNA sequences. However, the blinking properties of 

commonly used organic fluorophores and the method based on fBALM are often limited to a 

special chemical environment. The imaging buffer can degrade over time and therefore such 

buffer dependency of blinking signals is inconvenient for a wide range of applications.  

During this PhD research, several advanced methods were used to achieve imaging of 

nuclei in 3D. Since nuclei have a complex structure and are large in three dimensions up to 

several micrometers for mammalian cells, an image acquisition can take over an hour to acquire 

sufficient blinking signals for image reconstruction. Chapter 2 presents a drift correction 

method based on image registration of speckle patterns to correct sample drift with a precision 

of several nanometer. Since this method utilizes the back-scattered laser light from a cell, it 

depends on the intrinsic structure of a cell to define the position for the drift correction. Without 

modification of a standard SMLM optical setup, this drift correction method can be used for 

imaging over a long time. To demonstrate the drift correction for SMLM, a stack of images 

showing blinking DNA fluorophores based on the fBALM method was acquired. After drift 

correction, the visualization of nucleosome domain clusters of the nucleus in 3D was improved.  

An advanced optical design of the microscope based on patterned illumination is 

presented in Chapter 3. This design utilizes a phase-only spatial light modulator (SLM) in 

combination with the Gerchberg-Saxton algorithm to define an arbitrary region of interest (ROI) 

for illumination to avoid early photobleaching in the sample. The phase-only SLM can 

redistribute the light with low power losses. The design can achieve high laser irradiance, 

because the total power in the sample is independent of the size of the illumination pattern, 

which is applicable for different SMLM applications. Additionally, the defined arbitrary 

regions of interest (ROI) have a nearly flat-top intensity profile, which can reduce artefacts due 

to inhomogeneous illumination and improves quantitative analysis. To demonstrate the 

patterned illumination technique for SMLM, cell nuclei were imaged based on the fBALM 

method. A fine structure of a nucleus such as chromatin protrusion was acquired. A density-

based cluster analysis based on DBSCAN was used for quantitative analysis. The resulting 

clusters can help to visualize the nucleosome domain clusters.  

However, the optimized imaging buffer based on the fBALM method has a pH-value 

of 3.7, which decreases over time, leading to difficulty for imaging a nucleus in 3D. In order 
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to avoid this restriction, Chapter 4 presents a graphene-based material (graphene molecule – 

GM or nanographene), which was discovered to blink in air and shows no significant blinking 

dependency of the blinking on different environments. These nanograghenes have good 

blinking properties which are comparable with common fluorophores used in SMLM, but 

without the need of a special chemical composition of the imaging buffer. Correlative 

microscopy based on 3D SMLM and AFM was performed. A cover slip with small crevices 

was imaged to demonstrate a proof of principle experiment with nanographene for applications 

in material science. An experiment was performed by depositing nanographenes on a mild-

etched cover slip. An image stack showing optical isolated nanographenes in a time series was 

recorded. Small cracks in the cover slip could be resolved after super-resolution image 

reconstruction. The imaging registration of the two high-resolution methods shows a good 

overlap of the crevices on the cover slip.  

A nanographene with water-solvable ligands was investigated for its biocompatibility 

in fluorescence microscopy for the first time. An SMLM experiment was performed to 

demonstrate the blinking of nanographenes in cells without a special imaging buffer. Without 

significantly reducing the blinking signals, nanographenes in cells can be imaged for a long 

time. Therefore, they are suitable for imaging cell nuclei. The designed optical setup for SMLM 

experiments mentioned in this PhD research provides an important tool for imaging nuclei. 

With the help of nanographenes with blinking properties independent of the imaging buffer, 

3D SMLM may be used to visualize the 3D structure of nuclei in the future.  

The above-mentioned improvements during this PhD research includes a broad range 

of research subjects associated to SMLM techniques. These advanced developments are not 

only for imaging nuclei, but also applicable to applications in other biological researches and 

in material science.  
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Zusammenfassung 

Die Fluoreszenzmikroskopie ist ein wesentliches Werkzeug für die biologische Forschung, um 

Themen wie z.B. zelluläre Funktionen, räumliche Organisation oder Proteininteraktionen zu 

untersuchen. Seit mehr als einem Jahrhundert ist bekannt, dass die Auflösung der 

konventionellen Lichtmikroskopie nach den Berechnungen von Ernst Abbe aus dem Jahr 1873 

auf etwa 200 nm begrenzt ist. Diese Auflösungsgrenze schränkte das Verständnis der 

strukturellen Organisation von Zellen für viele biologische Fragestellungen ein.  

Im späten 20. Jahrhundert wurden mehrere superauflösende Mikroskopieverfahren entwickelt, 

um zelluläre Strukturen über die Auflösungsgrenze hinaus untersuchen zu können. In dieser 

Doktorarbeit wurde die Einzelmolekül-Lokalisationsmikroskopie (SMLM) eingesetzt, um 

Kernstrukturen mit einer Auflösung von wenigen Nanometern abzubilden. Das Konzept der 

Methode besteht darin, das Blinken von Fluorophoren in einer Probe zu induzieren, was zu 

räumlich isolierten beugungsbegrenzten Punkten in den Bildern führt. Die Positionen der 

einzelnen Punkten und damit die Position der Moleküle kann genau bestimmt werden und nach 

Akkumulation aller lokalisierten Positionen der Fluorophore kann ein hochauflösendes Bild 

erzeugt werden. Diese hochauflösende Mikroskopie-Methode ermöglicht vielen biologischen 

Studien, Proteininteraktionen zu visualisieren oder die Feinstruktur von Organellen sichtbar zu 

machen.  

Ziel dieser Doktorarbeit ist die Entwicklung eines 3D-SMLM-Mikroskops, das mehrere 

prinzipielle Einschränkungen bei der Abbildung von Zellkernen in 3D überwinden kann. Eines 

der häufigsten Probleme stellt die Probendrift da. Sie ist besonders kritisch für die 

hochauflösende Mikroskopie, da eine kleine Probendrift zu Artefakten führen und die 

Auflösung beeinträchtigen kann. Ein weiteres prinzipielles Problem ist, dass häufig verwendete 

organische Fluorophore in ihrem Photonenbudget eingeschränkt sind. Durch die hohe Intensität 

der Laserstrahlung bei SMLM-Experimenten kann sich die chemische Struktur der 

Fluorophore ändern, was sich letztendlich als Photobleichen bemerkbar macht. Des Weiteren 

wird insbesondere bei SMLM eine sorgfältig angepasste chemische Umgebung in der Probe 

benötigt, um in Kombination mit einer hohen Laserintensität ausreichend Blinksignale der 

organischen Fluorophore zu induzieren. Ein solcher Imaging-Puffer kann jedoch im Laufe der 

Zeit abgebaut werden und ist daher möglicherweise nicht für eine Langzeit-Bildgebung 

geeignet. Die oben genannten Einschränkungen motivierten die Weiterentwicklung des SMLM 

aus technischer Sicht im Rahmen dieser Doktorarbeit.  
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Die Arbeit gliedert sich in folgende Abschnitte. In Kapitel 1 werden die 

Fluoreszenzmikroskopie und die optischen Standardelemente eines Mikroskopsystems 

vorgestellt. Da die herkömmliche Fluoreszenzmikroskopie jedoch keine Strukturen wie 

Nukleosomen, die kleinste Einheit des Zellkerngenomes, und die übergeordnete Organisation 

des Chromatins auflösen kann, wird im Anschluss das prinzipielle Konzept der SMLM 

vorgestellt und verschiedene Ansätze zur Induktion des Blinkens von fluoreszierenden 

Proteinen und organischen Fluorophoren vorgestellt. Für die Abbildung von Zellkernen werden 

verschiedene DNA-Fluorophore in Abhängigkeit von ihrer Markierungsposition vorgestellt. 

Eine SMLM-Methode, die auf der fluktuationsunterstützten bindungsaktivierten 

Lokalisationsmikroskopie (fBALM) basiert, wird erläutert, da sie aufgrund ihrer 

Fluoreszenzeigenschaften eine hohe Lokalisationspräzision der detektierten Moleküle und eine 

geringe Selektivität der DNA-Sequenzen erreicht. Auch hier kann sich der Imaging-Puffer im 

Laufe der Zeit abbauen, was für eine Reihe von Anwendungen ungünstig ist.  

Während dieser Doktorarbeit wurden mehrere fortschrittliche Methoden eingesetzt, um 

Zellkerne in 3D abzubilden. Da Zellkerne eine komplexe Struktur aufweisen und bei 

Säugetierzellen in allen drei Dimensionen bis zu mehrere Mikrometern groß sind, kann die 

Bildaufnahme mehr als eine Stunde in Anspruch nehmen, um genügend Blinksignale für die 

Bildrekonstruktion zu erhalten. In Kapitel 2 wird eine Driftkorrekturmethode vorgestellt, die 

auf der Bildregistrierung von Speckle-Mustern basiert, um die Probendrift mit einer Präzision 

von wenigen Nanometern zu korrigieren. Da diese Methode rückgestreutes Laserlicht aus einer 

Zelle verwendet, hängt die Driftkorrektur von der intrinsischen Struktur der Zelle ab. Ohne 

Modifikation eines Standard-SMLM-Aufbaus kann diese Driftkorrekturmethode für 

Langzeitexperimente verwendet werden. In dieser Arbeit wird die Driftkorrekturmethode zur 

Verbesserung der Visualisierung von Nukleosomendomänen-Clustern eingesetzt. 

Ein fortschrittliches optisches Design des Mikroskops, das auf frei einstellbarem 

Beleuchtungsmuster basiert, wird in Kapitel 3 vorgestellt. Das Design kann hohe 

Laserintensitäten erreichen und ist für verschiedene SMLM-Anwendungen einsetzbar. 

Zusätzlich erlaubt das Design des Mikroskops die Definition beliebiger Regionen von Interesse 

(ROI) für die Beleuchtung mit einem nahezu homogenen Intensitätsprofil, um ein frühzeitiges 

Bleichen der Fluorophore in der Probe zu vermeiden. Dieses Design kann Artefakte aufgrund 

inhomogener Beleuchtung reduzieren und verbessert die quantitative Analyse. In Aufnahmen 

des Zellkerns, die mit dieser Methode angefertigt wurden, werden Nukleosomendomänen-

Cluster auf Basis einer dichtebasierten Clusteranalyse untersucht.  



7 

 

Der für die vorrangegangenen Experimente optimierte Puffer hat einen pH-Wert von 3,7 und 

wird mit der Zeit abgebaut. Dies führt zu Schwierigkeiten bei der Abbildung eines Nukleus in 

3D, da ein optimales Blinken der Fluorophore nicht mehr gewährleistet ist. Um diese 

Einschränkung zu umgehen, wird in Kapitel 4 ein Graphen-basiertes Material (Graphen-

Molekül - GM oder Nanographen) vorgestellt, das in Luft blinkt und keine signifikante 

Blinkabhängigkeit in verschiedenen Puffern zeigt. Die Blinkeigenschaften dieser 

Nanograghene sind vergleichbar mit üblichen Fluorophoren, wie zum Beispiel Alexa 647, die 

in der SMLM verwendet werden, ohne dass eine spezielle chemische Zusammensetzung des 

Puffers erforderlich ist. Zum Nachweis des Prinzips wurden Experimente durchgeführt, bei 

denen das Nanographen auf einem mild-geätzten Deckglas aufgebracht wurde. Durch die 

Aufnahme von hochauflösenden Bildern mit isolierten Nanographen in Luft konnten kleine 

Risse im Deckglas  aufgelöst werden. Obwohl derzeit noch kein synthetisiertes Nanographen 

zur Bindung an Biomolekülen für die Bildgebung von Zellkernen zur Verfügung steht, soll in 

einem ersten Schritt ein Nanographen mit wasserlöslichen Liganden in der 

Fluoreszenzmikroskopie auf seine Biokompatibilität untersucht werden. Ein „Proof of 

Principle“-Experiment wurde durch die Aufnahme eines großen Bildstapels mit Blinksignalen 

von wasserlöslichen Nanographen durchgeführt, um die Möglichkeit der Abbildung von 

Zellkernen  zu demonstrieren.  

Die oben genannten Verbesserungen während dieser Doktorarbeit umfassen ein weites 

Spektrum von Forschungsthemen, die mit der SMLM-Techniken verbunden sind. Diese 

Weiterentwicklungen sind nicht nur für die Abbildung von Zellkernen, sondern auch für 

Anwendungen in anderen biologischen Forschungen und in den Materialwissenschaften 

anwendbar. 

  



8 

 

Acknowledgements 

I thank my family very much for their great support during these years. They supported me to 

pursue a PhD degree without any worries. I also thank my boyfriend who is always patient and 

has a very tolerant attitude towards every decision I made. My good friends Shruthi and Pelin 

supported me and shared our emotions to accomplish the PhD. 

It was my pleasure to work in the super-resolution microscopy group leading by Prof. 

Christoph Cremer. His guidance provided many opportunities to work with people from 

different backgrounds. I would like to thank Prof. Rainer Heintzmann, who supported and 

supervised two cooperation projects in this PhD work. The PhD work could not be 

accomplished successfully without the help from the group members Dr. Márton Gelléri, Dr. 

Jan Neumann, Florian Schock, Renata Vaz Pandolfo, Dr. Maria Fernanda Contreras Gerenas, 

Johann von Hase, Felix Schreiber, Dr. Aleksander Szczurek, Dr. Wladimir Schaufler, the head 

of the light microscopy core facility Dr. Sandra Ritz and the former members Dr. Jonas Schwirz 

and Dr. Mária Hanulova.  

I am very thankful for the kindly technical support from Dr. Felix Bestvater and the 

German Cancer Research Centre who borrowed us generously the spatial light modulator for 

the cooperation project of “Patterned illumination single molecule localization microscopy 

(piSMLM)”. It was my pleasure to work closely with Dr. Xiaomin Liu, Dr. Qiang Chen and 

Dr. Sachin Kumar and for our exciting scientific discussion. The cooperation project 

“nanographene” would not be successful without the support from Prof. Misha Bonn and Prof. 

Akimitsu Narita. 

It was a great chance to work as a PhD student with the people at the Institute of 

Molecular Biology (IMB). I especially thank Dr. Ronald Wong, Rossana, and Vera, who were 

very kind to share and to help me preparing samples. We discussed many interesting research 

topics in biology. I also thank very much for the help from Markus, Dieter, Anke, Patricia, 

André, Manfred and Ralf at the electronic and the mechanic workshop of the institute for my 

special requests of mechanical elements and electronic boards for the microscope.  

  



9 

 

Content 

Abstract .................................................................................................................................... 2 

Zusammenfassung .................................................................................................................... 5 

Acknowledgements .................................................................................................................. 8 

Content ..................................................................................................................................... 9 

Chapter 1 Introduction ........................................................................................................ 11 

1.1. Fluorescence microscopy for biology 11 

1.2. Standard blinking fluorophores 14 

1.3. Blinking fluorophores for imaging cell nuclei 18 

1.4. Resolution limit of fluorescence microscopy 21 

1.5. Localization precision of a single light emitter 23 

1.6. Single molecule localization microscopy (SMLM) 24 

1.7. Optical setup for 3D SMLM 25 

Chapter 2 Sample drift estimation method ......................................................................... 29 

2.1. Laser speckles 29 

2.2. Scattered light from cells 30 

2.3. Drift estimation method 31 

2.4. Imaging nucleosome domain clusters 32 

Chapter 3 Patterned illumination single molecule localization microscopy ....................... 34 

3.1. Spatial light modulator (SLM) 34 

3.2. Gerchberg-Saxton algorithm 35 

3.3. Principle design of the illumination beam path 36 

3.4. Optical setup for the patterned illumination 37 

3.5. Homogeneous illumination 39 

3.6. Imaging cell nuclei 42 

3.7. Discussion of imaging nuclei based on fBALM 46 

Chapter 4 Nanographenes for SMLM ................................................................................. 48 

4.1. Graphene and nanographene 48 

4.2. Fluorescence properties of nanographenes 49 

4.3. Blinking properties of nanographenes 50 

4.4. Fluorescence recovery after UV irradiation 51 

4.5. Correlative 3D SMLM and atomic force microscopy (AFM) 52 

4.6. Water soluble nanographenes for bio-imaging 53 

Chapter 5 Conclusion .......................................................................................................... 56 

Publication list ........................................................................................................................ 58 



10 

 

Publication 1 .......................................................................................................................... 59 

Publication 2 .......................................................................................................................... 74 

Publication 3 .......................................................................................................................... 86 

Selbständigkeitserklärung .................................................................................................... 109 

Erklärungen .......................................................................................................................... 110 

Reference ............................................................................................................................. 112 

  



11 

 

Chapter 1 Introduction 

Fluorescence microscopy is a powerful technique for biological studies. Spatial organization 

of organelles or protein interactions can be visualized using a fluorescence microscope by 

targeting the biomolecules with fluorophores. Using fluorescent signals of the fluorophore as 

information, fluorescence microscopy can provide a high contrast, sensitivity, specificity and 

selectivity to image the targeted biomolecules. Nowadays, a number of fluorophores can be 

synthesized to label to a specific biomolecules for fluorescence imaging. Different chemical 

compounds were developed for different biological applications. 

1.1. Fluorescence microscopy for biology 

Light emission phenomena of natural materials, biological organelles or fluorophores 

involves a fluorescent molecule in different energy states [1]. Figure 1 shows the Jablonski 

diagram and presents the possible transitions of an electron between different energy levels of 

a molecule. Different time scales are involved in this transition process [2]. The electron 

transition starts with an electron excited by a photon from the ground state (S0) to a higher 

energy level illustrated as S1 and S2 via absorption. Absorption takes time in the range of 

femtoseconds. The electron in the higher energy level can proceed a non-radiative transition 

such as internal conversion, or vibrational relaxation (S2 to S1) followed by a transition to a 

lower energy level (S1 to S0) by emitting a fluorescence photon. Fluorescence takes time scales 

between 10-7 s to 10-9 s.  

It is also possible that the electron undergoes a non-radiative transition called 

intersystem crossing to the triplet state (S1 to T1), taking about 10-9 s to 10-12 s, followed by a 

transition to the ground states (T1 to S0) by emitting a photon, called phosphorescence. Typical 

time scale of phosphorescence is in the range of 10 s to 10-6 s. Most of the fluorescent molecules 

can repeat the transition process between the excitation and emission cycle many times.  

Quenching describes a reversible process that leads to a decreased fluorescence 

intensity. An electron in an excited state can return to the ground state without emitting a 

photon. This process can be caused by e.g. energy transfer during a complex formation, internal 

conversion, or collision with some other molecules while the fluorophore is in the excited state. 

Once the molecule is in the ground state, the molecule can be excited again.  

Bleaching is another possible electron transition process, but it is irreversible. Such a 

process leads to a permanent loss of fluorescence due to photon induced chemical damage or 

covalent modifications.  
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Figure 1 Jablonski energy diagram illustrating possible transitions between the 

electronic states of a molecule. 

The fluorescence cycle described above involves always non-radiative transition. 

Thereby, the wavelength of the emitted photon is longer than the absorbed photon. The energy 

difference between the absorption photon (𝐸𝑜𝑢𝑡) and emission photon (𝐸𝑖𝑛) is defined as Stokes 

shift by Eq.1 [3].  

 Δ𝐸𝑝ℎ𝑜𝑡𝑜𝑛 = 𝐸𝑜𝑢𝑡 − 𝐸𝑖𝑛 = ℎ𝑐(
1

𝜆𝑜𝑢𝑡
−

1

𝜆𝑖𝑛
) (1) 

Fluorescence can be detected using a fluorescence microscope. As shown in Figure 2, 

the basic components include a light source with a broad wavelength range, a filter cube, an 

objective lens and a detector. An appropriate combination of the filters in the filter cube should 

be selected according to the fluorophores in the sample. The dichroic mirror is a specialized 

filter, which is designed to reflect efficiently the excitation wavelength. The position of the 

dichroic mirror is located after the excitation filter and is oriented 45 degrees with respect to 

the incident light. The fluorescence signal from the sample is transmitted through the emission 

filter and is detected by the detector.  

As an example, the spectrum of the commonly used far-red organic fluorophore 

Alexa 647 and a suitable filter cube for this fluorophore is shown in Figure 3(A). Alexa 647 

has a maximum excitation wavelength of 650 nm and an emission wavelength of 665 nm with 

a Stokes shift of 15 nm. The excitation and emission spectrum of the fluorophore can be well-

separated using a filter cube with the transmission spectrum shown in Figure 3(B). The spectral 

range between 590 nm and 650 nm of the light is transmitted through the excitation filter which 

is chosen to excite optimally the fluorophore. The dichroic mirror is used to reflect the 

excitation wavelength from the light source and transmit the emission wavelength from the 

sample. The emission filter with the spectral range from 590 nm to 650 nm is utilized to filter 
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the remaining excitation wavelength of the light source in order to reduce the background 

induced by the excitation of the light. 

 

Figure 2 Schematic of a fluorescence microscope equipped with a light source with a 

wide spectrum, an objective lens, a filter cube and a detector. 

 

Figure 3 The spectrum of a commercial fluorophore and the suitable filters in the filter 

cube. (A) Excitation and emission spectrum of Alexa 647 [4]. (B) Spectrum of filters in a 

far-red filter cube (excitation: HQ620/60x, dichroic: Q660lp, emission: HQ700/75m) [5]. 
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1.2. Standard blinking fluorophores 

The photon emission of fluorescent molecules can be interrupted or the fluorescence 

properties can be altered, resulting in fluctuation of the fluorescent intensities in time. High 

emission intensity represents the fluorescence state (on-state), whereas low intensity represents 

the non-fluorescence state (off-state). Such intensity variations in time appear to be “blinking”. 

Different strategies to induce the blinking of fluorophores were discovered [6–12]. In the 

following, two mechanisms to generate blinking signals of the standard fluorophores are 

discussed. 

(1) Fluorescent proteins 

Fluorescent proteins (FPs) are small and can be genetically fused into target proteins and 

expressed in cell organelles or proteins. They are highly specific to the target protein and can 

avoid non-specific binding. For a stable cell line, FPs can achieve very high protein-labeling 

efficiency to nearly 100% [13]. To generate blinking signals of fluorescent proteins, special 

fluorescent proteins such as photoactivatable and photoconvertable fluorescent proteins can be 

used and are named Photoactivatable Fluorescent Protein (PA-FP). The spectral properties of 

such PA-FPs undergo a change upon irradiation with light of a specific wavelength [14,15].  

Photoactivatable Green Fluorescent Protein (PA-GFP T203H) [14] is a variant of the 

wild-type green fluorescent protein, which is one of the early GFPs showing such a spectral 

shift upon irradiation. The absorption and emission spectrum of the native (purple) and the 

photoactivated (green) PA-GFP are shown in Figure 4(A). Solid lines indicate the absorption 

spectrum for both of the native and the photoactivated PA-GFP. The dashed line shows the 

emission spectrum of the native PA-GFP and after photoactivation. The peak of the absorption 

is at a wavelength of 400 nm and 504 nm for the native PA-GFP and for the photoactivated 

PA-GFP, respectively. The wavelength of 517 nm is the peak wavelength of the PA-GFP 

emission. After photo-activation, the fluorescence of PA-GFP is enhanced about 100 fold.  

Kaede is another type of PA-FP, which undergoes photo-conversion after 

irradiation [16]. The spectrum of Kaede exhibits a spectral shift from green to red after 

irradiation. The absorption and emission spectrum of the native (green) and the photoconverted 

Kaede (red) are shown in Figure 4(B). For the native and the photoconverted Kaede, the 

absorption and emission spectrum are indicated with a solid line and a dashed line, respectively. 

The native Kaede has a peak of the absorption spectrum and a peak of the emission spectrum 

at a wavelength of 508 nm and 518 nm, respectively. It is noted that the spectrum of the 

photoconverted Kaede is well-separated from the spectrum of their native form. The peak of 
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the absorption spectrum and the emission spectrum of the photoconverted Kaede are at a 

wavelength of 572 nm and 580 nm, respectively. Additional to their photoconversion 

characteristic, a significant increase of the fluorescent emission can be realized in the 

photoconverted Kaede compared with the native one. After the photoconversion, fluorescence 

of Kaede is increased approximately 2000 fold in comparison with their native form.  

The experiments to achieve blinking signals of the above mentioned PA-FPs can be 

performed using a pair of lasers in a fluorescent microscopy setup [6,8]. The choices of the 

wavelengths of the laser are according to the spectrum of the native PA-FP and the spectrum 

after the photoactivation and photoconversion. One laser works as the activation laser, which 

activates a sparse subset of FPs. The other laser used as the read out laser illuminates the 

activated FPs resulting in fluorescent signals. Because the probability of the activation of 

molecule is proportional to the intensity of the activation laser, by controlling the intensity and 

by short illumination pulses of the activation, single isolated blinking signals of fluorescent 

proteins can be obtained in a time series.  

 

Figure 4 The absorption and emission spectrum of (A) a photoactivable green 

fluorescent protein (PA-GFP, T203H) [14] and (B) a photoconverted fluorescent protein 

(Kaede) [16].  
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(2) Organic fluorophore 

Organic fluorophores such as cyanine and rhodamine derivatives are commonly used advanced 

fluorophores, which have been improved for fluorescent labeling, solubility in water, 

brightness and photostability [2]. They are versatile and provide a high specificity with 

biomolecules for different biological applications such as immunoglobulins 

(IgG, antibodies) [17].  

One of the main strategies to achieve switching between on and off states is to design 

a special imaging buffer based on an oxygen-scavenging system in the presence of a primary 

thiol such as β-mercaptoethanol (BME) or β-mercaptoethylamine (MEA) in millimolar 

concentration [18–22]. This design of the buffer can prolong the time for fluorophores staying 

in the non-fluorescent state, following a stochastic recovery to the ground state by emitting a 

photon. Therefore, one of the keys to achieve blinking signals for organic fluorophores is to 

transfer the fluorophores to a relatively stable off-state at the beginning of the experiment by 

means of a high irradiance of several tens of kW/cm2 [19].  

Figure 5 shows the possible pathway of the energy transitions for the thiol-based 

photoswitching of Alexa fluorescent dyes. The energy transition can either occur in between 

its excited singlet state and the ground state by emitting a photon or it can undergo intersystem 

crossing. These two transitions are defined as the fluorescent state (ON-state). In the triplet 

state, a collision can occur between the molecular oxygen and the excited fluorophore [23]. 

Since the molecular oxygen can act as a quencher, it leads to the recovery of the singlet ground 

state by producing a singlet oxygen with the rate of k´isc. Removing the oxygen using an oxygen 

scavenging buffer can keep the triplet state abundant to proceed further radical formation [19]. 

Thiolate can react with the fluorophore in the triplet state frequently with the rate kred to form 

a radical anion of the fluorophore (F
.
) and a corresponding thiyl radical. The radical anion of 

the fluorophore survives several seconds, resulting in a non-fluorescent state (OFF-state). The 

significant rate difference between the ON and the OFF state leads to optically isolated 

fluorescent signals in the image. The radical anion can be oxidized with the rate of kox back to 

the singlet ground state with the support of laser irradiance with a wavelength shorter than the 

excitation wavelength to close the cycle.  

For some organic fluorophores in the presence of thiol, a significant change of the 

absorption spectrum after irradiation can be observed [24]. In the presence of 100 mM MEA, 

the absorption spectrum of Alexa 488 has a peak of the absorption spectrum at a wavelength 

of 488 nm. After laser irradiation of 488 nm for 5 minutes, the peak wavelength of the 
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absorption spectrum is reduced significantly, but an increase of the absorption at the 

wavelength of 396 nm can be obtained due to the formation of the radical anions of the Alexa 

488. Therefore, it is possible to recover the radical anion of the fluorophores to the ground state 

by illuminating with a laser with a wavelength of 405 nm for a longer time period. 

 

Figure 5 Reversible photoswitching mechanism of organic fluorophores in the presence 

of thiols. Jablonski diagram presents possible pathways for electron transitions. 

To design a buffer to reduce oxygen, it is common to use a glucose oxidase catalase 

buffer based on enzymatic reactions, containing glucose, glucose oxidase and catalase. The 

glucose oxidase catalyzes the glucose to produce gluconic acid and hydrogen peroxide. 

Enzyme catalase is present to degrade the peroxide into water and oxygen  [25]. As a side effect, 

the gluconic acid leads to a pH drop in the buffer and can change the experimental condition. 

Therefore, a sufficient buffering of the pH-value is necessary. To design such a buffer, an 

alternative oxygen-scavenger buffer can be prepared using a pyranose oxidase catalase. 

Pyranose oxidase in combination with catalase can be applied to maintain anaerobic conditions. 

The oxidation product of glucose is a ketone having a minimal effect on the pH-value [26].  

The blinking mechanism is in reality much more complex than the mentioned energy 

scheme of the fluorophores, because the fluorophores in a biological sample have also chances 

to interfere with other molecules. An optimization process for individual fluorophores is 

suggested with a fine adjustment of the thiol concentration according to the sample [19,27,28]. 

Alternatively, using commercially available mounting media such as Vectashield H-1000 or 

ProlongGold can also achieve high resolution images, although the mechanism can not be 

explained due to the restriction of knowing their chemical compositions [29,30]. For multi-

color imaging, the combination of fluorophores in the same imaging buffer is difficult and an 

individual optimization is highly recommended to achieve sufficient blinking signals.  

  



18 

 

1.3. Blinking fluorophores for imaging cell nuclei 

The cell nucleus is one of the most important organelles regarding development and 

reproduction of eukaryotic cells. It contains deoxyribonucleic acid (DNA) molecules in a 

complex form with a large variety of proteins. The structure of DNA is a double helix 

determined by x-ray diffraction studies in 1953 [31]. Four nucleobases, Guanine (G), Cytosine 

(C), Thymine (T) and Adenine (A), can be paired by forming double or triple hydrogen bonds 

on the complementary bases of DNA. The pairs for the DNA bonding are the base pairs of 

DNA, which are G - C and A - T. The distance between adjacent pairs is 0.34 nm [32]. Figure 

6(A) shows a simplified scheme of double stranded DNA (ds-DNA) structure illustrated with 

base pairs. The fundamental unit of the packaging form of DNA in a nucleus is a nucleosome, 

which contains two copies of histone proteins H2A, H2B, H3 and H4. About 146 base pairs 

(bp) are wrapped 1.65 times around the histones with additional 20 bp of DNA wrapped around 

the linker histone (H1). A single unit of the nucleosome is 11 nm in size [33], as illustrated in 

Figure 6(B). Nucleosomes are arranged like “beads on a string”, separated by a short segment 

of linker DNA accounting for the remaining 20 percent of genomic DNA [34]. Figure 6(C) 

shows such beads on a string of chromatin spread imaged with an electron microscope [35]. 

 

Figure 6 (A) The double stranded DNA with nucleobases A-T and G-C in pairs. (B) Two 

copies of histone proteins H2A, H2B, H3 and H4 and a linker protein H1 form the 

nucleosome of DNA in the nucleus. (C) Chromatin spread [35]. 

Hundred kilo base pairs (kb) of DNA to several mega base pairs (Mb) can fold into a 

higher complex formation of the chromatin structure [36,37]. To replicate the DNA for 

reproducing a nucleus, chromatin becomes condensed during mitosis to form compact 

metaphase chromosomes which are distributed to daughter nuclei. During interphase, most of 

the chromatin decondenses and appears to be distributed throughout the nucleus [38]. It is 

known that the chromosomes occupy distinct regions (“territories”) within the nucleus and are 

highly organized [39]. There may exist channels between chromatin regions, allowing the 

localization of active gene for transcription, replication and repair [40]. Fluorescence 

microscopy allows to visualize the dynamic activity of cell division and the structural 

organization in a cell nucleus [41]. Understanding the spatial organization of chromatin can 
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help to understand the gene regulation and the genome stability for diseases such as Alzheimer, 

senescence, cancer and ischemia [41–45]. 

Different nucleic acid stains were developed to label directly nucleic acids for 

visualizing the chromatin structures using a fluorescence microscope. The strategies to stain 

nucleic acid can be classified according to the locations, where the DNA fluorophore is bound. 

The four binding modes including minor groove, external binder, bis-intercalator and 

intercalator are shown in Figure 7.  

 

Figure 7 Classifications of labelling positions for nucleic acid stains with minor-groove 

binder, external binder, bis-intercalator and intercalator. The fluorophore positions are 

indicated in red. 

Some important physical properties of the fluorophores are [46]: 

- Specificity of binding to nucleic acids  

- Fluorescence properties upon binding and unbinding to nucleic acids 

- Quantum yield while binding and unbinding to nucleic acid 

The fluorescence properties of the four commercialized DNA fluorophores Hoechst 

33258, DAPI, YOYO-1 and SytoxOrange for labeling DNA are listed in Table 1.  

Hoechst dye and DAPI dye are two classic minor groove binding dyes, which are widely 

used as membrane permeant or semi-permeant dyes [46]. They bind particularly to ademine-

thymine-rich (AT) regions of DNA [47,48]. Both of the dyes are blue fluorescent dyes, which 

can be excited by UV light and are suitable for multicolor imaging. 

YOYO-1 is a monomethine cyanine dye emitting green fluorescence and generally 

considered as cell impermeant. The name of the dye is based on the basic chemical structure, 

which contains one carbon atom bridging the aromatic rings of an oxacyanine dye. There are 

multiple binding modes of YOYO-1 [46,49]. It is known that YOYO- 1 acts primarily as a bis-

intercalator at a dye-base-pairs ratio less than 1:1. As shown in Figure 7, each monomer unit 
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intercalates between base pairs and it can result in an unwinding of the double-helix structure. 

At a higher dye-to-base pair ratio, external binding begins to occur [50,51].  

SytoxOrange is an intercalation fluorophore emitting orange fluorescence with a broad 

spectrum. It has a low selectivity in labeling between base pairs [52]. Although the chemical 

structure of SytoxOrange is not provided by the supplier, the references indicate the possibility 

of labeling SytoxOrange with a dye-to-base pair ratio of 1:1 [53,54], resulting in a high labeling 

efficiency to DNA structures in a nucleus. 

Using an imaging buffer as shown in Section 1.2, Hoechst, DAPI and YOYO-1 can be 

switched between fluorescence on-state and off-state [55,56]. An alternative approach called 

binding-activated localization microscopy (BALM) or fluctuation-assisted binding-activated 

localization microscopy (fBALM) [57,58] was developed using the intercalation of nucleic 

acid fluorophores to induce the blinking signals. This method utilizes that the DNA dyes are 

non-fluorescent in aqueous solution, and fluorescence is enhanced while binding into the ds-

DNA. The reversible cycle of ds-DNA between denaturation and renaturation can be used as a 

transient binding mechanism for intercalating fluorophores to bind and to unbind into the ds-

DNA. Therefore, YOYO-1 and SytoxOrange can be used for BALM or fBALM, because their 

high fluorescence enhancement while binding into ds-DNA.  

Figure 8 shows the scheme of the blinking mechanism based on the fBALM method 

using YOYO-1 in the bis-intercalation binding state [49]. When YOYO-1 binds to the ds-DNA, 

fluorescent signals are increased by a factor of 1000 and represent as the fluorescence on-state; 

when it unbounds from the DNA, YOYO-1 is in the non-fluorescent state with an intrinsically 

a low fluorescence and low quantum yield.  

Table 1 Fluorescence properties upon binding to double stranded DNA of four nucleic acid dyes 

 

Peak of 

absorption/emission 

[nm] 

Extinction 

coefficient 

[cm-1 m-1] 

Quantum 

yield 

Fluorescence 

enhancement 

binding into 

dsDNA 

Reference 

Hoechst 

33258 
349/466 40,000 0.59 95x  [59,60] 

DAPI 358/456 27,000 0.34 20x  [47,60] 

YOYO-1 458/486 98,900 0.38 1000x  [60] 

SytoxOrange 543/575 79,000 0.9 450x  [54,61] 
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To generate sufficient blinking signals of YOYO-1 for imaging the chromatin structures, 

a strategy is to utilize a moderately decrease of the pH-value over the course of a few hours to 

introduce local instabilities in the DNA structure. The optimal pH value of the imaging buffer 

was characterized around pH 3.7 [58]. Since YOYO-1 exhibits in fact multiple binding states, 

including the charge binding, the mono-intercalated and the bis-intercalated states [49,51], it is 

difficult to quantify DNA molecules corresponding to single molecule signal counting.  

SytoxOrange can also be used for imaging nuclei based on the fBALM method which 

has comparable fluorescence properties like YOYO-1 [62]. It is nonfluorescent in aqueous 

conditions and has a fluorescence enhancement of up to 450 fold with a high quantum yield of 

0.9 as shown in Table 1. Although the chemical structure of SytoxOrange is not provided by 

the supplier, the patent of the Sytox fluorophores and publications indicate a low selectivity to 

base pairs, which highlights the potential for specificity and a high labeling efficiency in ds-

DNA with a base pair and dye ratio of 1:1 [53,54]. This shows the potential using SytoxOrange 

as an alternative DNA fluorophore to evaluate DNA molecules for the quantitative analysis, 

because of a low selective binding to base pairs. Therefore, SytoxOrange will be particularly 

used for imaging nuclei in the following experiments. 

 

Figure 8 An illustration of blinking mechanism based on the fBALM method. When the 

bis-intercalator inserts in the ds-DNA, the dye is fluorescent (on-state); when the bis-

intercalator is disassociated with the DNA, the fluorophore is non-fluorescent (off-state). 

1.4. Resolution limit of fluorescence microscopy 

The optical microscope was first invented by the Dutch inventor Antoni van Leeuwenhoek in 

the 18th century. In several centuries, the manufacturing technologies of optical elements were 

improved to achieve a better image quality with minimal aberrations. However, the resolution 

of an optical system was a fundamental limit caused by diffraction of light. For an optical 

microscope, this occurs when light propagates through the aperture of an objective lens. The 

fundamental law of the resolution limitation was described by Ernst Abbe in 1873 [63]. As 

shown in Eq.2, Abbe’s formula, representing the diffraction limited spot with a radius of d, is 

related to the wavelength 𝜆 of the light, the refractive index of the medium 𝑛 and the half angle 

of the opening angle 𝜃.  
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 𝑑 =  
𝜆

2𝑛𝑠𝑖𝑛𝜃
=

𝜆

2𝑁𝐴
 (2) 

𝑛𝑠𝑖𝑛𝜃 is the numerical aperture NA, which represents an important parameter of the objective 

lens for collecting photons from the sample. For fluorescence microscopy, the wavelength of 

the light is the emission wavelength of the fluorophores.  

Point Spread Function (PSF) is the impulse response of the microscope to a point 

source. For a numerical approach to compute the theoretical PSF of a microscope, the equations 

derived by Born and Wolf are often used [64]. By defining the NA of the objective lens, the 

wavelength of light and the immersion oil, the theoretical PSF can be acquired using the ImageJ 

plugin PSF generator [65]. Figure 9 shows the PSF calculated using the PSF generator with the 

input value of NA=1.4 of the objective lens and 𝜆 = 500 𝑛𝑚. It is assumed that scattering does 

not occur between the interface of the immersion oil and the objective lens. The Full Width of 

Half Maximum (FWHM) of the intensity distribution of the PSF is commonly used to define 

the size of the PSF. The FWHM of the simulated PSF at a wavelength of 500 nm is 184 nm in 

the lateral and 628 nm in the axial direction. When the NA of the objective lens is defined as 

1.0, a larger PSF in both of the lateral and the axial directions is obtained, resulting in a FWHM 

of 258 nm in the lateral and 1237 nm in the axial direction.  

The smallest separation distance between two point-like objects at which they can be 

distinguished, given by 𝑑𝑙𝑖𝑚𝑖𝑡 = 0.61𝜆/𝑁𝐴 according to Rayleigh [66]. Figure 10 shows the 

Rayleigh criterion in three different situations. (A) The molecules can be distinguished, when 

the two fluorescent molecules are separated in a distance larger than the limit (d > dlimit). (B) 

The minimal resolvable distance between the two fluorescent molecules is given by d = dlimit. 

(C) Two emitters cannot be distinguished when they are apart from each other smaller than the 

resolvable distance (d < dlimit).  

 

Figure 9 The simulation of a PSF based on the Born and Wolf module of the PSF-

generator with NA=1.4 and 𝜆 = 500 𝑛𝑚. The intensity distributions of the point spread 

function (PSF) in the x-y plane and the y-z plane. 
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Figure 10 Illustration of the resolution limit criterion. Two single light emitters are 

separated in (A) a resolvable distance, (B) resolution-limited distance and (C) an 

unresolvable distance. 

1.5. Localization precision of a single light emitter 

A modern fluorescence microscope is often equipped with a digital device to detect 

photons from a fluorescent sample. Figure 11 shows the image of a single fluorescent molecule 

which is acquired using a digital camera. The fluorescent distribution of the single fluorescent 

molecule can be realized. Several particle tracking algorithm were developed to determine the 

position of individual fluorescent molecules with a sub-pixel accuracy below the diffraction 

limit [67–69].  

In the digital image, it is common to fit the intensity distribution using a Gaussian 

function, because a Gaussian function is mathematically more tractable, and the width of the 

PSF after fitting shows little differences in practice between these two fitting methods [67].  

The position of the molecule can be estimated using method such as Least Square (LS) 

or Maximum Likelihood Estimation (MLE) to determine the molecule position below the 

resolution limit [70,71]. The resulting localization precision 𝜎 of the fluorescent molecule is 

given by [67]: 

 𝜎2 =
𝑠2+ 

𝑎2

12

𝑁
+

8𝜋𝑠4𝑏2

𝑎2𝑁2 , (3) 

where 𝑎 corresponds to the camera pixel size, s is the standard deviation of a Gaussian function 

approximating the PSF, N is the number of photons, b is the background noise. When the 

background noise can be neglected compared to the fluorescent signals, a good approximation 

of the localization precision is [6]:  

 𝜎𝑥,𝑦 ≈
𝑠

 √𝑁
. (4) 
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An ideal case for the localization of an emitter with high precision is to have a high 

number of photons. In this case the estimated localization precision of 2 nm can be achieved 

using a fluorophore having a photon number of 10,000 [6]. However, in reality typical 

commercially available fluorophores can emit only a few hundred to a few thousand photons 

per molecule [15,72].  

 

Figure 11 An illustration of the intensity fit of a single molecule image for determining 

the position (x0, y0). 

1.6. Single molecule localization microscopy (SMLM) 

As discussed in Section 1.4 and 1.5, two molecules with a distance smaller than the resolution 

limit can not be distinguished using a fluorescence microscope. But the position of a single 

fluorescent molecule can be estimated better than the resolution limit.  

The possibility to enhance resolution by localization microscopy was described 

initially in theoretical approaches [12,73,74]. It is assumed that single isolated molecules 

appear sparsely in images. Since the distance between the adjacent molecules is larger than the 

resolvable distance, the position of each molecule can be determined better than the resolution 

limit. The concept scheme is shown in Figure 12. (A) A small cellular structure (< 200 nm) is 

labeled with fluorophores indicated in green. (B) A time series of frames (1, 2, 3, …, N) is 

acquired as an image stack, which each of the frame shows a sparse set of fluorophores in the 

on state indicated using green spots. (C) After determining the position of the fluorophore 

precisely and accumulating all the localized position, a high-resolved image of the biological 

target can be obtained. Although the concept was addressed already in the 1990s, the 

experimental approach was limited to switch fluorophores efficiently between on-and off-states 

in the biological samples. Blinking fluorophores as described in Section 1.2 and 1.3 were 

considered the key to achieve high resolution images. Therefore, this super-resolution 

microscopy method is named single molecule localization microscopy 

(SMLM) [6,9,12,22,30,73,75].  
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Several factors are considered important for practical implementation for 

SMLM [15,76]. For the sample, the biological structure should be highly or better fully labeled, 

because a high labeling efficiency can potentially fulfill the sampling theory according to the 

Nyquist-Shannon sampling theory [77], resulting in a better structural resolution in the 

reconstruction image. A high on- and off-switching rate can help to acquire an image stack in 

a reasonable time to detect enough single molecules [19]. It is also important to select a 

fluorophore with a high photon number, because the localization precision is generally 

dependent on the approximate inverse square root of the photon number detected per on-off 

cycle.  

As shown in Figure 12, a large number of frames should be acquired to reveal the true 

structure of the biological target, which is dependent on the targeted biological structure. 

Because the image acquisition takes usually several minutes, this can lead to sample drift 

caused by slight temperature changes or a mechanical instability of the microscopy system. 

Consequently, a wrong position of the fluorescent molecules can be determined. For imaging 

nuclei, a simple drift correction method based on the speckle pattern of the cell was developed 

and will be discussed in Chapter 2. The detailed information can be found in [SC1].  

 

Figure 12 Schematic concept of single molecule localization microscopy (SMLM). (A) 

The structure of a biological target labelled with fluorophores. (B) A sparse set of 

fluorophores is in the fluorescent on-state per frame. At each frame, the distance between 

two adjacent fluorophore in the on-state is larger than the minimal resolvable distance. (C) 

A super-resolved structure of the biological target defined in A. 

1.7. Optical setup for 3D SMLM 

The classic design of an optical setup for SMLM experiments is to introduce lasers as a light 

source in the excitation beam path and a highly sensitive camera as the detector in the detection 

beam path of a fluorescence microscope [6,30,78]. The choice of the equipment is primarily 

dependent on the spectral properties of the fluorophores in the biological samples and the on-

off switching condition of the buffer.  
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The standard design of the optical setup is shown in Figure 13. Three commonly used 

lasers with a wavelength of 488 nm, 561 nm and 647 nm were equipped in the optical setup. 

The laser with a wavelength of 488 nm indicates the excitation beam path. The orange emission 

from the beads sample shows the detection beam path in the optical setup of the microscope. 

The detailed description of the setup can be found in [SC1]. 

 

Figure 13 A standard design of an optical setup for SMLM. M1, M2 and M3 are mirrors, 

D1, D2, and D3 are dichroic mirrors. Obj., L1, L2, L3tube, L4tube and L5cyl are lenses. 

A telescope consisting of two lenses L1 and L2 was used to expand the laser beam. A 

tube lens L3tube was utilized to focus the beam into the back focal plane of an objective lens 

with a NA of 1.47. The dichroic mirror (D3) reflected the expanded laser beam towards the 

objective lens. The objective lens was mounted in a nanometer positioning piezo stage to adjust 

the focal position. The illumination area in the sample had a Gaussian intensity profile with a 

FWHM of about 50 µm, resulting in an irradiance of up to 30 kWcm-2 in the sample. The area 

of the sample at the central position of the Gaussian beam has a higher irradiance than the area 

of the sample at the edge of the Gaussian beam. This can induce different localization density 

in the reconstructed image [79]. To improve the illumination profile in the sample, an advanced 

optical setup to illuminate the sample with a nearly flat-top illumination is presented in detail 

in [SC2] and in Chapter 3. Additionally, users can define the region of interests to prevent early 

photobleaching of the sample.  
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For the detection beam path, an emission filter is inserted into the detection beam path 

to filter the wavelength of the laser and allows the emission wavelength of the fluorophore to 

transmit through the optical system. A tube lens L4 is used to image the sample onto the camera.  

By imaging fluorescent beads with a size of 100 nm, the width of the PSF was acquired. 

The theoretical values were calculated using an ImageJ plugin PSF generator using the 

vectorial-based model from Richard and Wolf [80,81]. The experimental results were 

evaluated using Huygens software by fitting the intensity distribution with a Gaussian function. 

Table 2 shows the theoretical results and the PSF measurements as a comparison. A slightly 

unsymmetrical PSF in x and y can be noted. Also a small difference between the theoretical 

results and the experimental results can be realized due to aberrations in the optical system or 

refractive indices mismatch.  

Table 2 The FWHM of the theoretical size and the experimental size of the PSF. 

emission 
BP 525/30 (505-540) BP600/50 (575-625) LP 655 

theory measurement theory measurement theory measurement 

x (nm) 210 252 230 266 270 286 

y (nm) 210 264 230 273 270 302 

z (nm) 440 683 550 685 600 662 

For 3D SMLM, one of the methods to encode three dimensional information of 

individual fluorophores in 2D images is to insert a weak cylindrical lens L5cyl in the detection 

beam path [82,83]. This method introduces a defocus of the PSF and deforms the PSF from a 

circular shape to an elliptical shape based on astigmatism. Depending on the orientation of the 

elliptical shape of the PSF, it can be used to determine the axial location of the molecule. As 

shown in Figure 14, the vertical elongation of the PSF represents the position of the molecule 

above the focal plane (+Z); whereas, a horizontally elongated PSF is located below the focal 

plane (-Z). The width of the PSF increases gradually from the focal plane to an out of the focal 

plane. Therefore, one can calibrate the width wx and wy as a function of z by determining the 

width wx and wy of the PSF in different axial positions. The calibration function is described 

as [82]: 

 𝐺(𝑥, 𝑦) = ℎ ∙ 𝑒𝑥𝑝 (−2
(𝑥−𝑥0)2

𝑤𝑥
2 − 2

(𝑦−𝑦0)2

𝑤𝑦
2 ) + 𝑏 (5) 

where h is the peak height, b is the background, (x0, y0) is the center position of the 

peak, and wx and wy represent for the widths of the PSF in the x and y directions, respectively. 

The calibration of the PSF is essential  and has to be characterized prior to blinking experiments. 

This is because the engineered PSF can be different between microscopy systems and between 
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different emission wavelengths. Similarly, other methods such as double-helix PSF, bi-plane 

and ZOLA can be used to deform the PSF in a different manner in order to encode the axial 

information in 2D images [84–86].  

 

Figure 14 An example of the engineered PSF at the axial position of z = -400 nm, -200 nm, 

0 nm, 200 nm and 400 nm. These images were acquired using the optical setup built in 

this PhD research as shown in Figure 13. 

By fitting the width of the engineered PSF as a function of z using ThunderSTORM, 

an open-source ImageJ plug-in [87], the width of the fluorescent beads at the corresponding 

axial (z) position were obtained. The resulting calibration curves are shown in Figure 15. The 

standard deviation of the calibration curve are 7.0 nm and 8.2 nm in x and in y, respectively. 

For the other emission wavelengths, the same calibration procedure were applied to acquire the 

calibration curves.  

 

Figure 15 The calibration curves show the width Wx and Wy of the PSF in x and in y 

directions determined by the FWHM as a function of z. The data was acquired using the 

emission filter ET600/50. 
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Chapter 2 Sample drift estimation method 

A high number of frames are needed to be acquired for the reconstruction of a super-

resolution image and the imaging acquisition takes often several tens of minutes. However, 

sample drift during image acquisition due to temperature change or mechanical relaxation is 

not avoidable. This is especially critical for super-resolution imaging, because a small amount 

of drift in the microscope system can introduce blurring artifacts in the reconstructed image 

hampering resolution. Since a nucleus contains a highly complex structure, the image 

acquisition can take over an hour to acquire sufficient signals for reconstructing the 3D nucleus. 

In the following, a method based on the evaluation of speckle patterns formed by backscattered 

laser light from the cells for SMLM experiments to estimate drift will be presented.  

2.1. Laser speckles 

Speckle is an interference phenomenon observed when a coherent light source illuminates an 

object such as a white wall or a diffuser. Figure 16 shows schematic optical paths to illustrate 

speckle formation. A coherent light source such as a laser is used to illuminate a rough surface 

containing microscopic structures. Each small unit on the macroscopic surface can be regarded 

as new light sources. Each light wavelet travels with different optical path lengths. This leads 

to a different degree of interference and appears in a variation of the intensity distribution on a 

detector. Such a complex intensity pattern are called speckle pattern [88]. 

 

Figure 16 Schematic of laser speckles formation. A coherent light source illuminates a 

rough surface and the light is scattered in different directions. After light propagation, the 

wavelets can constructively or destructively interfere on the pixelated detector.  
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2.2. Scattered light from cells 

Such speckle patterns can also be seen when a laser illuminates cellular structures using a 

standard microscope for SMLM. Figure 17 illustrates the scattering light from a cell in all 

directions. A laser illuminates a fiber-like organelle, representing a scatterer in the cell. For 

simplicity, only forward and backward scattered light is shown in Figure 17. Because cellular 

organelles have typically a size larger than the laser wavelength, scattering is describe by Mie-

scattering, which is known to be only weakly dependent on the wavelength [89]. Diffraction at 

the edges of the cell organelles and refraction due to different relative indices between the cell 

and the medium can result in such light-scattering [90].  

Using the optical setup of SMLM as shown in Figure 13, the interference of the back-

scattered light from a cell can be acquired in the camera. Strong intensity variations can be 

seen. An example image showing a speckle pattern of a cell is shown in Figure 18. The ROIs 

at different axial positions (z = -2 µm, z = -1 µm, z = 0 µm, z = 1 µm) reveal different features 

in the speckle pattern. As indicated by a red circle, a near-diffraction limited spot is located in 

the center at z = - 2 µm and the position of the spot slightly shifts at z = -1 µm. At z = 0 µm 

and z = 1 µm, the spot completely vanishes. Outside of the circle, different speckle patterns 

can be realized in different axial positions. Dependent on the morphology of the cells, the 

intensity pattern differ strongly [90]. Therefore, the structural differences of the intensity of the 

speckle patterns can be used to determine the position of the cell in three dimensions.  

 

Figure 17 A schematic microscope setup for imaging speckle patterns of cells. (OBJ: 

objective lens, TL: tube lens, DM: dichroic mirror.)  
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Figure 18 Speckle pattern of a cell sample. The insets show the ROI at four axial positions 

(z =- 2 µm, -1 µm, 0 µm and 1 µm). A speckle feature is highlighted by a red circle. 

Reprinted with permission from [SC1] ©The Optical Society. 

2.3. Drift estimation method 

Since each cell exhibits a unique speckle pattern and the speckle patterns vary continuously in 

z, a speckle reference z-stack f with n frames with a separation of Δz is acquired at the beginning 

of the measurement (t0), where z is the axial position of each speckle frame. Figure 19 shows 

the scheme of the drift correction method. For drift estimation, single drift estimation frames g 

were acquired separated in time by Δt. Users can define the time separation for their SMLM 

experiment. Each of these images g show a speckle pattern closely corresponding to one present 

in the speckle reference stack f. Using the DFT method according to [91], the position of the 

sample drift at each sub-period (Δt) of the SMLM experiment can be analyzed. Detailed 

information about the computation process is presented in the original work [SC1]. 

  

Figure 19 Scheme for drift estimation. A z-stack of speckle patterns f as a position 

reference of the cell is acquired. Single drift estimation frames g are captured at regular 

time intervals during the experiment. Reprinted with permission from [SC1] ©The Optical 

Society. 

This method is particularly useful for imaging cell nuclei. One of the important advantages is 

that this method does not require additional sample preparation and photobleaching does not 

need to be considered. Another advantage is that a larger drift could be possibly determined, 

since the position information is defined in the reference stack. Using DFT image registration, 
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speckle images can be correlated with the reference z-stack and the three dimensional drift can 

be determined. A proof of principle experiment is shown in Figure 20. (A) A large drift with 

several micrometers was simulated and the results of the drift estimation are presented. A high 

accuracy with a standard deviation of 2 nm was obtained as shown in (B).  

 

Figure 20 Speckle based z-position estimation by a defined z-position in a range of 7 µm 

and a step size of 250 nm. (a) Measured z-position. (b) Residuals of the linear regression. 

Reprinted with permission from [SC1] ©The Optical Society. 

2.4. Imaging nucleosome domain clusters 

To demonstrate the ability of the speckle-based drift correction method for the 

improvement of the imaging quality of cell nuclei, the fBALM method was performed and the 

speckle based drift correction method was used to correct the position of the localized DNA 

fluorophores. More detailed procedure of the correction can be found in [SC1].  

Figure 21 shows the widefield image and the super-resolution image of a nucleus 

acquired based on the fBALM method. A ROI of the super-resolution image is selected to 

compare the super-resolution images before and after drift correction. Several nucleosome 

domain clusters can be seen in the three-dimensional image indicated using a color-coded z-

projection. In comparison to the super-resolution image before drift correction, the super-

resolution image after drift correction reveals a more confined nucleosome domain cluster. The 

z extension of the cluster was reduced by 150 nm. Detailed information can be found in [SC1]. 

The true 3D structure of the nucleus can be revealed with the help of drift correction, resulting 

in a better quantification. 

The detected single molecule signals (SM) represents DNA locations inside the nucleus, 

which can be used to analyze the nuclear architecture. In the following demonstration 10,000 

frames were acquired inside the nucleus, resulting in 189,209 SMs in an area of 209.5 µm2. In 

the small ROI shown in Figure 21 with an area of 5.0 µm², a nucleosome domain cluster 
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consisting of 810 SMs was detected. By acquiring a higher number of frames, a larger number 

of signals can be detected assuming constant blinking signals during the image acquisition. By 

improving the statistic analysis, the true structure of the nucleus can be possibly revealed. 

 

Figure 21 The intensity sum projection of the drift corrected 3D SMLM image of a nucleus 

labelled with the DNA dye SytoxOrange. Inset: A super-resolution image comparison of 

a nucleosome domain cluster shown in the centre of the ROI before correction and after 

correction. The colours indicates the z position using a colour-coded maximum intensity 

projection. Reprinted with permission from [SC1] ©The Optical Society.  

  



34 

 

Chapter 3 Patterned illumination single 

molecule localization microscopy 

High laser irradiation is commonly used to illuminate a sample in SMLM experiments. 

However, commercial fluorophores are limited in their photon budget and high laser 

illumination can induce photodamage of the fluorophores. In order to avoid unnecessary 

illumination of the sample, an advanced optical design of SMLM was developed. This design 

allows the users to define arbitrary regions of interest for illumination. Additionally, the design 

facilitates a homogeneous illumination of the sample for a better quantitative analysis of the 

nucleosome domain clusters in a nucleus. In the following chapter, the optical design will be 

introduced and a proof of principle experiment is demonstrated by imaging a cell nucleus.  

3.1. Spatial light modulator (SLM) 

An Liquid Crystal on Silicon (LCoS) spatial light modulator (SLM) is a display, in which a 

thin layer of liquid crystals (LC) is sandwiched between a top sheet of glass coated with a 

transparent electrode (ITO layer) and a pixelated silicon substrate made by a complementary 

metal-oxide semiconductor (CMOS) panel [92]. The schematic of a reflective LCoS SLM is 

shown in Figure 22 [93]. Since LC is a birefringent material, the birefringence Δ𝑛 of LCs is 

defined by [94] 

 Δ𝑛 = 𝑛𝑒 − 𝑛𝑜, (6) 

where 𝑛𝑜  and 𝑛𝑒  are the ordinary refractive index and the extraordinary refractive index, 

respectively. 

When an external electric field is applied, for example, by applying a voltage to the 

pixels of the LCoS panel, LC molecules can be re-orientated. For a parallel-aligned nematic 

LC SLM, the LC molecules rotate along the axis perpendicular to both the light propagation 

direction and the polarization direction, while the voltage is applied. Therefore, the effective 

refractive index Δ𝑛𝑒𝑓𝑓 changes accordingly. Subsequently, the optical path length is changed, 

whereas the polarization state remains unaffected, resulting in a modulation of the phase 

retardation [95]. The phase retardation of light is given by [94] 

 𝛿 = 2𝜋Δ𝑛𝑒𝑓𝑓𝑑/𝜆, (7)

  

where d is the thickness of the LC layer and 𝜆 is the wavelength of the incident light. Since the 

light travels two times through the LCs, the phase retardation is rewritten by 
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 𝛿 = 2𝜋Δ𝑛𝑒𝑓𝑓2𝑑/𝜆. (8)

   

 

Figure 22 Schematic configuration of a LCoS SLM presented in the side view. 

3.2. Gerchberg-Saxton algorithm 

Gerchberg-Saxton (GS) algorithm is an iterative algorithm for retrieving the phase of the target 

intensity of light based on Fourier transformation [96]. The scheme of the algorithm is shown 

in Figure 23. The iterative process can be explained by the following Pseudo code: 

𝜓1 = 𝐴𝑠𝑒𝑖𝜑1 

𝒘𝒉𝒊𝒍𝒆 (error > threshold) 

𝜓2 = FT(𝜓1) 

𝜑3 = phase(𝜓2) 

𝜓3 = 𝐴𝑇𝑒𝑖𝜑3 , 

𝜓4 = IFT(𝜓3) 

𝜑4 = 𝑝ℎ𝑎𝑠𝑒(𝜓3) 

𝜓1 = 𝐴𝑠𝑒𝑖𝜑4 

𝒆𝒏𝒅 

𝜑4 𝑖𝑠 𝑑𝑖𝑠𝑝𝑙𝑎𝑦𝑒𝑑 𝑜𝑛 𝑡ℎ𝑒 𝑆𝐿𝑀 

where 𝜓: wave function, A: amplitude, 𝜑: phase, FT: Fourier transformation, IFT: inverse 

Fourier transformation. As: source amplitude, AT: target amplitude. 𝜑1 is 0 in the GS algorithm.  

The disadvantage of the GS algorithm is the appearance of laser speckles because of 

destructive interference between adjacent sampling points, resulting in strong intensity 

variations in the desired intensity pattern. Another disadvantage of this algorithm is that the 
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source intensity must be known in advanced. Without knowing the source intensity, the target 

intensity pattern can not be calculated correctly.  

 

Figure 23 Scheme of the Gerchberg Saxton Algorithm for phase calculation of a target 

intensity.  

3.3. Principle design of the illumination beam path 

To design a patterned illumination beam path using a LCoS SLM, a simplified scheme is shown 

in Figure 24. The laser was expanded by a pair of lenses to match the size of the LCoS SLM. 

The polarization state of the expanded beam was aligned by a 𝜆/2 waveplate to match the 

modulation axis of the liquid crystal layer of the SLM. The phase distribution of the desired 

intensity pattern was calculated using the GS algorithm. However, the presence of the zeroth 

order of unshaped diffracted light reflected by the SLM is a common problem seen in SLM 

systems, resulting in a bright spot superimposed on the desired intensity pattern.  

To separate the zeroth order and the desired intensity pattern, the principle design of 

the illumination beam path is to superimpose a Fresnel lens on the phase function. Light 

propagating through the liquid crystal is diffracted and focuses by the Fresnel lens to the focal 

plane at Pim, which is located in the front focal plane of the Lens 1. The zeroth diffraction order 

of light is reflected on the SLM without diffraction on the liquid crystals. The diffracted light 

and non-diffracted light will propagate through Lens 1. The non-diffracted light will be focused 

at the back focal plane of Lens 1 forming a very bright spot at Pcp. Pcp is the conjugated pupil 

plane of the objective lens, representing the spatial frequencies of the image. By introducing a 

high-pass filter at Pcp, the non-diffracted light (low frequencies) and the diffracted light (high 

frequencies) can be separated, resulting in a high contrast of the desired intensity pattern in the 

image plane in the sample.  
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Figure 24 The principle design of the illumination beam path for generating an arbitrary 

illumination pattern using an LCoS SLM. By superimposing a Fresnel lens in the phase 

function, the diffracted light forms the desired intensity pattern at the position of Pim. The 

non-diffracted light is blocked at the position of Pcp.  

3.4. Optical setup for the patterned illumination 

The patterned illumination beam path was added to a standard 3D SMLM as discussed in 

Section 1.7. Figure 25 shows the combined optical setup including the Gaussian illumination 

mode and patterned illumination mode in the illumination beam path, which are highlighted by 

a blue and in the yellow background, respectively. The optical elements for the Gaussian 

illumination mode and the patterned illumination mode are highlighted by a gray and by a pink 

background, respectively.  

 

Figure 25 The patterned illumination single molecule localization microscope (piSMLM) 

including Gaussian illumination (background in blue) and patterned illumination modes 

(background in yellow).  
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The photograph of the piSMLM setup is shown in Figure 26. The blue line indicates 

the optical path of the laser for the patterned illumination mode and the green line indicates the 

optical path of the laser for the Gaussian illumination mode. The inset shows a central stop 

which has a small black paper in the center of the glass cover slip to block the zeroth diffraction 

order at Pcp.  

 

Figure 26 The optical setup of piSMLM. The blue line indicates the patterned illumination 

beam path and the green line indicates the Gaussian beam path. The inset image shows the 

central stop which blocks the zeroth diffraction order.  

As demonstrated in Section 3.3, a Fresnel lens is superimposed onto the phase of the 

desired pattern to separate the zeroth diffraction order. By blocking the non-diffracted light 

consisting low frequencies at Pcp, high frequencies which preserve the fine structure of the 

desired intensity pattern can propagate through the optical system and illuminate the sample 

with the desired intensity pattern.  

To determine the focal length of the Fresnel lens, a mirror with small holes is placed 

at the sample position. By illuminating the sample with a LED light, the position of the mirror 

sample was adjusted until nearly diffraction limited spots could be seen. Once the focal position 

is determined, the detection beam path is ensured to be aligned. Afterward, the mirror sample 

was illuminated using a laser with a defined intensity pattern generated by the GS algorithm. 

The focal length of the Fresnel lens was adjusted until the sample was illuminated with the 

desired intensity pattern showing the highest contrast. The focal length of the Fresnel lens was 

adjusted for each of the laser wavelength.  

Table 3 shows the specification of the LCoS (PLUTO, HOLOEYE) used in the 

piSMLM setup. Using a phase modulator of SLM with a high reflectivity, a high fill factor and 
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a high diffraction efficiency, high losses of light can be prevented. Higher irradiance in the 

sample can be achieved by simply reducing the size of the ROI [SC2].  

Table 3 Specification of the phase only LCoS PLUTO from HOLOEYE used in the 

piSMLM setup.  

Reflectivity: 93% Addressing: 8 Bit 

Resolution: 1920 × 1080 pixels Signal format: DVI 

Pixel pitch: 8.0 µm Input frame rate: 60 Hz 

Fill factor: 87 % Diffraction efficiency: 60% 

Active area: 15.36 × 8.64 mm Phase shift: 2π at 633 nm 

3.5. Homogeneous illumination  

Without knowing the source intensity, the GS algorithm will not be able to provide the 

correct phase pattern to illuminate the sample with the desired target intensity. A method to 

improve the homogeneity of the desired target intensity pattern without knowing the source 

intensity is to introduce a calibration image to weight the target intensity. The calibration image 

includes the influences from the optical system, which can effectively reduce the 

inhomogeneity of the desired intensity pattern. The scheme of the modified GS algorithm is 

presented in Figure 27. The blue line indicates the improvement of the modified GS algorithm 

for the flat-top illumination.  

For each of the laser wavelengths, a calibration image was generated using a square as 

a desired target intensity pattern. The phase was computed by the standard GS algorithm. The 

detailed description to acquire the calibration image can be found in [SC2]. The calibration 

image was normalized to one. The resulting calibration images for each of the laser wavelength 

can be seen in Figure 28. The calibration image was then used to calculate the new weighted 

target amplitude AT
*: 

 AT
∗ = AT/√calibration image. (9) 

A fluorescent text marker sample was used to determine the illumination area of the 

Gaussian illumination. The results can be seen in the upper row of Figure 29. To identify the 

area where the laser illuminated the sample using the patterned illumination technique, a mirror 

sample with holes of about 200 nm in diameter was used. A square was defined as the desired 

intensity pattern as the input of the modified GS algorithm. Detailed information of the 

measurement for the patterned illumination can be found in [SC2]. The results of the patterned 

illumination for a desired square pattern for different laser wavelengths can be seen in the lower 
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row of Figure 29. As a result, the Gaussian illumination can be shaped to a defined intensity 

pattern with homogeneous distribution as shown in Figure 29.  

To reduce the speckles in the desired intensity pattern several phase pattern were 

calculated using the GS-algorithm. Since the modified GS uses a random phase pattern as the 

initial phase, every final desired target intensity exhibits a different speckle pattern [88,97,98]. 

By displaying up to 40 precalculated phase patterns during the SMLM acquisition, an almost 

speckle free illumination pattern can be obtained. The homogeneity comparison of the defined 

illumination pattern based on the standard GS algorithm and the modified GS algorithm is 

shown in Figure 30. The detailed procedure to compute the speckle-free image can be found in 

[SC2].  

The patterned illumination technique in combination with the modified GS algorithm 

allows to redistribute light efficiently with low power losses. As shown in Figure 31, the power 

is mostly independent of the size of the illumination pattern; whereas, the irradiance will 

increase with a decrease of the illumination area. 

 

Figure 27 The modified Gerchberg-Saxton algorithm for the flat-top illumination 

indicated using a blue line. Reprinted with permission from [SC2] ©The Optical Society. 

 

Figure 28 The calibration images for the three lasers used in the optical setup.  
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Figure 29 The illumination comparison between the Gaussian illumination and the 

patterned illumination from the three lasers.  

 

Figure 30 The intensity profile comparison between two illumination patterns. (A) The 

phase computed by the standard Gerchberg-Saxton algorithm and (B) by the modified 

Gerchberg-Saxton algorithm. (C) Intensity profiles of the position indicated with the 

yellow line in (A) and (B) Reprinted with permission from [SC2] ©The Optical Society. 

 

Figure 31 Plot of laser power versus ROI area and the corresponding irradiance. Reprinted 

with permission from [SC2] ©The Optical Society. 
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3.6. Imaging cell nuclei  

For quantitative evaluation of the DNA density in cell nuclei, the fluorescence intensity 

distribution is evaluated. Since the piSMLM setup facilitates a flat-top illumination, it can 

ensure that the resulting fluorescence intensity from the sample is not significantly affected by 

the field dependency of the laser irradiance. As a comparison measurement, Gaussian 

illumination and homogeneous illumination were used to illuminate the same cell nucleus. The 

resulting images using these two illumination methods are shown in Figure 32.  

 

Figure 32 Imaging of a HeLa cell nucleus by (A) Gaussian illumination and (B) flat-top 

illumination. (C) The intensity profiles through the cell nucleus in two perpendicular 

directions (red: Gaussian illumination profiles, blue: flat-top illumination profiles). 

Reprinted with permission from [SC2] ©The Optical Society. 

 By means of Gaussian illumination as shown in Figure 32(A), the fluorescence 

intensity in the center of the nucleus is apparently higher than at the edge of the nucleus. This 

can be attributed to the Gaussian intensity profile of the laser which has the highest irradiance 

at the center of the illumination area and a lower irradiance in the edge. Whereas, the nucleus 

illuminated using the flat-top illumination shows smaller intensity variations as seen in Figure 

32(B). Figure 32(C) shows the intensity profiles along the x and y axis. The intensity profiles 

indicate an underestimation of the DNA content at the periphery of the nucleus when using 

Gaussian illumination of up to 26%.  

Homogeneous illumination is also essential for SMLM measurements, because the 

quality of the super-resolution image can be influenced in the periphery of the illuminated 

region where the irradiance is not high enough to induce blinking signals [99]. To evaluate 

nucleosome domain clusters in a cell nucleus, a defined ROI with flat-top illumination based 

on the modified GS algorithm was chosen to acquire SMLM data sets. A cell nucleus of the 

two daughter cells was selected for the patterned illumination as a demonstration. The detailed 

information about image acquisition using patterned illumination can be found in [SC2]. The 
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selected cell was assumed to be in the early interphase and did not yet start replication of the 

DNA. In the selected nucleus, 1232,754 DNA fluorophores were detected. The estimated 

thickness of the optical section is about 600 nm in the axial direction. The resulting 2D SMLM 

image is shown in Figure 33.  

 

Figure 33 Imaging of nuclei based on patterned illumination. (A) Wide-field image of two 

daughter cell nuclei. The yellow contour indicates the area for illumination. (B) Super-

resolution imaging of the selected nucleus. ROI 1 shows a chromatin protrusion. ROI 2 is 

used for cluster analysis. (C, D) The intensity profiles at the positions are indicated using 

a red line and a blue line shown in A and B, respectively. Reprinted with permission from 

[SC2] ©The Optical Society.  

Figure 33(A) shows a wide-field image of the two nuclei acquired by homogenous 

illumination. Figure 33(B) shows the super-resolution imaging based on fBALM by imaging 

one of the nucleus. Intensity profiles are plotted at the position indicated by the red and blue 

lines in widefield and for the super-resolution images as shown in Figure 33(C,D), respectively. 

The intensity profile of the widefield image appears to have a small intensity variation. In 

contrary, a high variation of the intensity profile can be seen in the super-resolution image.  

ROI 1 of Figure 33(B) shows a fine structure (chromatin protrusion) of the nucleus. A 

comparison between the wide-field image and the super-resolution image of the chromatin 

protrusion can be seen in Figure 34. The super-resolution image reveals a chromatin protrusion 

with a dimension of 50 nm at the position indicated by the arrows, which can not be seen in the 

widefield image.  
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Figure 34 The chromatin protrusion image acquired using (A) conventional widefield 

microscopy and (B) super-resolution microscopy based on fBALM. The size of the 

chromatin protrusion is about 50 nm measured using the FWHM of the intensity profile at 

the position of the arrows. 

According to the scheme of beads on a string shown in Figure 6, the nucleosome is the 

smallest packaging unit of DNA in the nucleus, which has a diameter of 11 nm. It can be packed 

into a higher-order of chromatin fibers with sizes of 30 nm and 120 nm [100]. A density based 

cluster analysis of the blinking DNA fluorophores using DBSCAN was performed to estimate 

the size of DNA packaging [101]. By defining the search radius of next neighbor molecules 

and the minimum number of molecules inside a cluster, the localized molecules in the nucleus 

can be clustered. The resulting clusters can represent different orders of chromatin packaging 

in the nucleus.  

Several bright clusters can be seen in ROI 2 of the super-resolution image in Figure 

33(B). The DBSCAN cluster analysis was then performed using a search radius of 12 nm and 

a minimum cluster size of 18 molecules. The resulting clusters are shown in Figure 35(B). 

Different sizes of clusters can be realized and three representative clusters are indicated at (I), 

(II) and (III) by red circles.  

A histogram of the cluster size is shown in Figure 36. The DNA clusters can be classified 

into three categories with different sizes with a diameter (I) up to 30 nm (small-sized clusters), 

(II) above 30 nm up to 100 nm (middle-sized clusters), and (III) above 100 nm up to 180 nm 

(large-sized clusters). 105 small-sized clusters and 82 middle-sized clusters were found. Only 

4 large-sized clusters were found. Although the cluster size can be changed by giving a different 

searching radius or a minimal distance to the neighbor molecules for DBSCAN, other recent 

publications reported similar sizes of chromatin in nuclei. An electron microscopy method 

based on ChromEMT showed that the chromatin is a chain with a diameter from 5 nm to 

24 nm [102]. Another method based on SMLM using Alexa 647 EdU-labeling showed that the 

chromosomal regions consist of nanodomain clusters with a spatial extent of tens of 

nanometers [103].  
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However, it is not yet clear what kind of higher order chromatin fibers exists and what 

kind of relevant functions may be involved in such a hierarchical level of the chromatin 

organization [104,105]. SMLM single molecule data in combination with cluster analysis 

facilitate the visualization of the nucleosome domain clusters and potentially higher order 

organization of chromatin can be quantified to determine their structural patterns.  

 

Figure 35 Cluster analysis based on DBSCAN using the localized DNA fluorophores in 

ROI 2 shown in Figure 33. Three representative sizes of nucleosome domain clusters 

indicated with red circles are shown in (A) a super-resolution image and (B) DBSCAN 

analysed nucleosome domain clusters. The region of a cluster is filled with a colour. I: 

Small size of clusters (up to 30 nm). II: Middle size of clusters (30 nm – 100 nm). III: 

Large size of clusters (100 nm – 180 nm). 

 

Figure 36 Histogram of the nucleosome domain cluster size using DBSCAN. 
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In a biological point of view, the localized DNA fluorophores (SytoxOrange) represent 

the binding sites of the DNA in the nucleus. For example, by analyzing the fluorophore density 

in the nucleus, the DNA molecule density can be used to estimate the accessibility of active 

genes in the nucleus [40]. The results of a DNA molecule density analysis can be seen in Figure 

37, revealing different DNA densities in the nucleus in a range between 4 and 14 SMs/100 nm2. 

To achieve a better quantification analysis of the nucleus, the DNA should be completely 

labeled and the fluorophores should blink only one time to ensure the localization of the DNA 

at each binding site will be counted only once.  

 

Figure 37 Histogram of the molecule density in the clusters . 

3.7. Discussion of imaging nuclei based on fBALM 

The chemical composition of the imaging buffer used in fBALM is similar to the 

imaging buffer used for organic fluorophores. The buffer contains an enzymatic reaction based 

on glucose oxidase catalase. Since it produces gluconic acid and hydrogen peroxide, the pH 

value of the buffer decreases over time [28,58]. For YOYO-1, with the help of a gradual 

reduction of the pH value, the optimal condition for sufficiently blinking signals were 

determined to be the pH value of 3.7. About 2 to 3 hours should be waited in the beginning of 

the experiment until the imaging buffer reaches the optimal pH value [58]. The continuous 

decreasing pH value can restrict the time for imaging a 3D nucleus, because the image 

acquisition can take more than an hour to acquire sufficient blinking signals. Moreover, the 

sample cannot be imaged again because the majority of the fluorophores diffused into the 

imaging buffer and low concentrated DNA intercalation dyes may be difficult to associate to 

the DNA structure.  
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One possible method to minimize the effect of buffer acidification during the image 

acquisition for imaging nuclei is to optimize the buffer system. The new buffer should have a 

gradually decreasing pH value. Once the pH value of the buffer reaches a value of 3.7, it can 

stay constant during the image acquisition. Another approach for imaging nuclei for long time 

is to equip the microscope with a pump system to exchange the imaging buffer gradually [106]. 

By exchanging the imaging buffer and relabeling the nuclear structure, blinking DNA 

fluorophores can be acquired continuously. A more applicable method is to have intrinsic 

blinking DNA fluorophores without the dependency of the buffer condition while image 

acquisition. A stable imaging environment is beneficial for the quantification analysis of a 3D 

nucleus.   
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Chapter 4 Nanographenes for SMLM 

Although a number of fluorophores were demonstrated to be suitable for SMLM, most organic 

fluorophores have sufficient blinking properties only when embedded in special imaging 

buffers. For DNA fluorophores based on the fBALM method, for example, an acidic imaging 

buffer is used to allow DNA fluorophores to associate to and disassociate from the DNA 

structures dynamically. In this Chapter, fluorescent materials based on graphene are introduced. 

They have intrinsic blinking properties independent of the imaging buffer, which arises the 

potential for a new class of fluorophores for SMLM in applications such as material science 

and bio-imaging.  

4.1. Graphene and nanographene 

Graphene is a flat, single-atom-thick monolayer of graphite, which forms a planar hexagonal 

configuration like a honeycomb lattice [107]. It is composed of sp2 – hybridized carbon atoms, 

which are covalently bonded to each other. A schematic diagram of a monolayer of graphene 

can be seen in Figure 38. The very first method to obtain a stable monolayer of graphene was 

to use regular adhesive tape resulting in a large graphene sheet [108].  

For fluorescence microscopy, fluorophores with a small size are more applicable, 

because they are located close to the targeted biomolecules after labeling. To produce small 

graphene fragments, which are called graphene quantum dots (GQDs) or graphene molecules 

(GMs), two different approaches can be used. The synthetic approaches can be classified by a 

top-down approach and a bottom-up approach [109]. Both approaches result in graphene 

fragments with a size of several nanometers. The fragments have tunable 

photoluminescence properties, high photostability, and good biocompatibility, which 

makes them suitable for fluorescence microscopy [110,111]. The top-down synthesis 

method uses physical or chemical techniques to cleave carbonaceous raw materials. This 

method allows synthesizing large quantities, but the size of graphene fragments and the 

resulting products are difficult to control. The bottom-up synthesis method relies mostly on 

solution or surface mediated organic reactions to derive nanographenes. Therefore, this method 

can be used to synthesize nanographenes with atomic precision in small quantities [112–115].  

In this Chapter, bottom-up synthesized nanographenes were studied particularly, 

because they have the potential to be synthesized with specific ligands to bind to biomolecules. 

These nanographenes are small with a size of 1-5 nm, which is as small as organic fluorophores. 
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They were reported to be stably fluorescent which makes them suitable for fluorescence 

microscopy [109,116,117].  

  

Figure 38 A scheme of 2D graphene material composed by carbon atoms. 

4.2. Fluorescence properties of nanographenes 

The fluorescence properties of the nanographenes DBOV-Mes (GM-C38), GM-C60, 

GM-C78 and GM-C96 were characterized in [113,114,118,119]. DBOV-Mes has zigzag 

periphery and the structures of GM-C60, GM-C78 and GM-C96 have a full armchair periphery. 

Their chemical structures are shown in Figure 39.  

 

Figure 39 The chemical structures of DBOV-Mes (GM-C38), GM-C60, GM-C78 and 

GM-C96 [113,114,118,119].  

The fluorescence properties of the nanographenes and Alexa 647 are shown in Table 

4. Detailed information about the fluorescence properties can be found in [SC3]. DBOV-Mes 

has the highest extinction coefficient, quantum yield and brightness compared to the other 

nanographenes (GM-C60, GM-C78 and GM-C96). In comparison to Alexa 647, DBOV-Mes 

exhibits more than twice higher quantum yield, but a lower brightness and a smaller extinction 

coefficient. Additionally, DBOV-Mes has a small Stokes shift and the narrowest emission 
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spectrum among the tested nanographenes. Such fluorescence properties of fluorophores are 

beneficial for multi-color imaging because an overlapping of the spectra [120] can be avoided. 

Therefore, in the following, DBOV-Mes was chosen to demonstrate the ability of 

nanographenes for SMLM experiments. Applications in super-resolution imaging for material 

science and bio-imaging will be presented in Section 4.5 and in Section 4.6, respectively. 

Table 4 Fluorescence properties of Alexa 647, DBOV-Mes (GM-C38), GM-C60, GM-

C78 and GM-C96 [SC3]. 

Dye 
Excitation 

maximum (nm) 

Emission 

maximum 

(nm) 

Extinction 
(M-1cm-1) 

Quantum 
yield 

Brightness 
(M-1cm-1) 

Alexa 647 [27] 650 665 239,000 0.33 78,870 

DBOV-Mes 

(GM-C38) 
610 614 70,000 0.79 55,300 

GM-C60 412 701 22,000 0.1 2,200 

GM-C78 —* 513 54,000 0.02 1,080 

GM-C96 491 650 61,000 0.01 610 

*Due to the measurement limitation of the spectrometer, the peak of the excitation spectrum of GM-C78 was 

not available. 

4.3. Blinking properties of nanographenes 

Several important blinking properties of nanographenes were evaluated based on the 

method presented in [27]. The blinking properties of the nanographenes in three different 

environments including air, Dulbecco’s Phosphate-Buffered Saline (DPBS) and polystyrene 

are compared with Alexa 647 in an imaging buffer containing an oxygen scavenging system in 

the presence of thiol. The detailed experimental results can be found in [SC3]. The blinking 

properties include: 

(1) Photon number per switching event: Localization precision is dependent on the number of 

detected photons and the width of the PSF. Assuming the width of the PSF in a microscope 

system is constant, a high number of detected photons per switching event will result in a better 

localization precision.  

(2) Photostability: In the beginning of the experiment, it is common that the fluorophores are 

excited by a relatively high laser intensity (5-30 kW/cm2) to transfer the majority of the 

fluorophores into the dark state [19]. When fluorophores are excited by such high intensities 

the covalent bounds can be modified resulting in photobleaching. Fluorophores with a good 

photon resistance are therefore highly desirable.  

(3) On-off duty cycle: On-off duty cycle is defined as a ratio of time, at which the fluorophore 

stays in the on-state in respect to the off-state time. For SMLM, it is important to have only a 
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small fraction of fluorophores in the on state, while the majority of the fluorophores are present 

in the off state, which will result in optically isolated molecules in the images. Therefore, 

fluorophores with a low duty cycle will be more applicable to achieve high-resolved images.  

(4) Number of switching cycles: For an ideal switching, a fluorophore has only one on-off cycle. 

During the SMLM image acquisition, the fluorophore appears in the on-state in one frame and 

is in the off-state for the rest of the acquired frames. In experiments, where structural features 

are to be investigated, fluorophores are considered to be advantageous if they can be switched 

many times. Subsequentially, they can be localized multiple times and the true position can be 

determined in the reconstructed image after averaging the position of the same molecule [72]. 

Nanographenes have a high photon number per blinking event and low duty cycle, 

which make them comparable with Alexa 647. These properties render them suitable for 

SMLM experiments without an additional imaging buffer preparation. The slightly longer 

blinking time compared to Alexa 647 can be useful for super-resolution methods like 

MINFLUX, which may require a longer on-state for searching the position of the 

fluorophore [121].  

Table 5 Blinking characteristic of Alexa 647 in an imaging buffer; DBOV-Mes and 

GM-C60 in three different imaging environments including DPBS, air and polystyrene; 

GM-C78 and GM-C96 in polystyrene [SC3].  

Dye 
Alexa 
647 

DBOV-Mes 
(GM-C38) 

GM-C60 
GM-
C78 

GM-
C96 

Environment 
Blinking 

buffer* 

DPBS 

buffer 
Air 

Poly-

styrene 

DPBS 

buffer 
Air 

Poly-

styrene 

Poly-

styrene 

Poly-

styrene 

Detected 
photons per 

switching 

event 

3,438 4,918 5,570 4,902 3,673 4,960 4,690 5,740 5,020 

Duty cycle 

(×10-4) 
2.1 1.3 4.7 8 5.3 1.2 3.2 2.7 1.7 

Blinking 

time (ms) 
65 87 108 54 75 79 96 83 94 

*glucose oxidase catalase buffer in the presence of thiol [27].  

4.4. Fluorescence recovery after UV irradiation 

Some organic fluorophores have a reversible blinking property when embedded in a 

special imaging buffer, because of a significant change of the absorption spectrum upon 

irradiation [19,24]. Without embedding in the imaging buffer, a similar characteristic of 

fluorescence recovery of DBOV-Mes can be seen in Figure 40. DBOV-Mes exhibits a 

fluorescence recovery after exposing to laser radiation with a wavelength of 405 nm. The 

experiment was performed using a pair of lasers. A laser with a wavelength of 532 nm was 
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used for the excitation and a laser with a wavelength of 405 nm was used to recover the 

fluorescence signals. The repeatable recovery of the fluorescence signals can be seen in Figure 

40. The insets show three representative images of sparse nanographenes in the sample at three 

different time points. Frame 1 shows nanographenes at the beginning of the laser illumination; 

frame 20,000 shows nanographenes after 18 minutes illumination with the laser with a 

wavelength of 532 nm; frame 20,001 shows the fluorescence recovery upon a short time (~1 s) 

illumination using the laser with a wavelength of 405 nm. Several fluorescence recoveries of 

the nanographene were performed repeatedly during another 18 minutes.  

 

 

Figure 40 Three representative images of blinking events of DBOV-Mes in air. 

Fluorescence recovery using a laser with a wavelength of 405 nm. Reprinted with 

permission from [SC3] © 2019 Wiley-VCH Verlag GmbH & Co. KGaA.  

4.5. Correlative 3D SMLM and atomic force microscopy (AFM) 

A demonstration of nanographenes used in 3D SMLM was performed. Correlative microscopy 

was used to compare the images acquired by two different high-resolution methods based on 

atomic force microscopy (AFM) and 3D SMLM. The detail experimental procedure and the 

experimental protocols can be found in [SC3].  

 Figure 41(A) shows the scheme of the experimental procedure to deposit 

nanographenes on a cover slip with crevices on the surface. Subsequentially, 3D SMLM and 

AFM were performed to image the crevices on the cover slip. For 3D SMLM, the localized 

molecules were accumulated into two super-resolution images according to their bimodal 

distribution in the axial position. Figure 41(B) shows an intensity projection of the localized 

molecules which are located between z = +300 nm to -10 nm. Since the molecules are on the 

glass surface, it shows a relatively homogeneous distribution of nanographenes. Figure 41(C) 
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shows the intensity projection of the deeper localized molecules with a location 

between z = -10 nm and -300 nm. The resulting image shows a clear structural pattern of 

crevices in the cover slip. Figure 41(D) shows the AFM image at the same area acquired with 

the SMLM method. Figure 41(E) shows the image registration of the two high-resolution 

images. The line profile of the AFM image and the super-resolution image are shown in (F) 

and (G), respectively.  

 The above experiments demonstrate the capability of using nanographene in SMLM. 

Without embedding the sample in a special imaging buffer, DBOV-Mes in air has good 

blinking properties resulting in a high-resolution 3D SMLM image. After image registration 

with the image acquired by AFM, the high-resolution image of 3D SMLM shows highly 

correlated fine structures. The capability of DBOV-Mes blinking in air shows a significant 

advantage in the application of SMLM in material science compared to the organic 

fluorophores, which requires a special imaging buffer. 

 

Figure 41 Correlative super-resolution microscopy based on 3D SMLM and AFM. (A) 

Depositing DBOV-Mes on the glass surfaces (B,C) Accumulation of localized molecules 

of two different subsets. (D,E) AFM and image registration of the SMLM using the ROI 

shown in (C). (F,G) FWHM of the width of the crack indicated by a line shown in (D). 

Reprinted with permission from [SC3] © 2019 Wiley-VCH Verlag GmbH & Co. KGaA. 

4.6. Water soluble nanographenes for bio-imaging 

In the previous section, correlative 3D SMLM and AFM was demonstrated as a proof of 

principle experiment using nanographenes for SMLM. However, the original material was 

synthesized in toluene for applications such as optoelectronic and organic light emitting diodes 
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(OLEDs) [113,122]. It is necessary to synthesize water soluble nanographenes for bio-imaging 

applications.  

 As shown in Section 4.3, DBOV-Mes has the best fluorescence and blinking properties 

among the four described nanographenes (Figure 39). The water-soluble groups tetraethylene 

glycol methyl ether were attached to DBOV-Mes for investigation of their fluorescence 

properties and biocompatibility for fluorescence microscopy [123].  

 The absorption and emission spectrum of DBOV-Mes-OTEG and Alexa 647 are shown 

in Figure 42. In comparison with DBOV-Mes, DBOV-Mes-OTEG has an excitation 

wavelength red-shifted from 610 nm to 658 nm and an emission spectrum shifted from 614 nm 

to 667 nm. DBOV-Mes-OTEG exhibits a comparable spectrum as standard far-red 

fluorophores. The emission spectrum overlaps well with the emission spectrum of Alexa 647. 

Therefore, DBOV-Mes-OTEG can be imaged using a commonly equipped filter cube for far-

red fluorophores in a commercial fluorescence microscope.  

 

Figure 42 Spectral comparison between the water solvable DBOV-Mes-OTEG and 

Alexa 647 [4].  

A proof of principle experiment for bio-imaging was performed by incubating 

DBOV-Mes-OTEG with mammalian cells (U2OS) for 24 hours. DBOV-Mes-OTEGs were 

brought into cells through endocytosis to examine their localization in cells. After fixation of 

the cells, the blinking properties of DBOV-Mes-OTEG were examined. The sample was 

embedded in DPBS, a commonly used buffer in biological researches for  SMLM experiments. 

An image stack with 10,000 frames showing blinking of nanographenes inside the cell was 

acquired to investigate the blinking behaviour of nanographene. The long time experiments 

were performed using a laser with an irradiance of 10 kW/cm2.  

The images of conventional microscopy and 3D SMLM are shown in Figure 43. (A) 

shows an image overlay of bright-field microscopy and fluorescence microscopy. The ROI 
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indicated by a red rectangle was then imaged using the 3D SMLM method. The blinking 

DBOV-Mes-OTEGs were acquired at the nuclear membrane. The intensity projection of a 

50 nm thin section of the 3D SMLM image can be seen in (B). A confined enrichment of 

DBOV-Mes-OTEGs in endocytotic vesicles, lysosomes lipid droplets and other cellular 

regions due to the chemical nature of DBOV-Mes-OTEG can be observed.  

The experimental results show that DBOV-Mes-OTEGs in cells exhibit good blinking 

properties without special imaging buffer. After a continuously high laser irradiance 

(10 kW/cm2) for about 90 minutes, no significant decrease of blinking signals was observed. 

Sufficient blinking signals could be seen using a laser with a low irradiance of about 

0.2 kW/cm2. Therefore DBOV-Mes-OTEG can be used practically as a dye for fluorescence 

and for super-resolution microscopy, because of their good photostability. When a specific 

ligand to bind to DNA is synthesized, DBOV-Mes-OTEG can be used for imaging nuclei.  

 

Figure 43 Conventional microscopy image and super-resolution image of a U2OS cell 

after 24 hours incubation of DBOV-Mes-OTEG. The sample was embedded in DPBS. 

The ROI shows the illumination area of SMLM (A) An image overlay of the bright-field 

image and the fluorescence image. (B) Intensity projection of the super-resolution image 

with an selected axial thickness of 50 nm. 
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Chapter 5 Conclusion 

SMLM provides an essential tool to image cellular structures, which can not be resolved with 

a conventional microscope. This super-resolution microscopy technique has been used to 

visualize different cellular organelles to achieve unprecedented resolution down to several 

nanometers. It is yet a challenge to image cellular nuclei due to their complex structures and 

large volume in three dimensions. The goal of this PhD thesis was to develop SMLM methods 

for imaging nuclear structures in 3D. This thesis includes a broad view of methods in SMLM 

including an advanced design of the microscope and the development of a fluorophore based 

on graphene.  

For the improvement of the microscope, an original work of this PhD research was to 

develop a drift correction method based on speckle patterns originating from back-scattered 

light [SC1]. The speckle pattern based drift correction method is especially beneficial for 

imaging nuclei, because this method utilizes the intrinsic structure of a cell as a position 

reference in 3D. Therefore, it enables the users to image cellular structures for a long time 

without drift shown in the reconstructed image. A demonstration of this drift correction method 

was performed for imaging a nucleus based on the fBALM method using a standard SMLM 

setup. Several clusters were found in the super-resolution image of the nucleus. After drift 

correction, more confined nucleosome domain clusters in 3D were revealed, which could not 

be observed without drift correction. The position of DNA fluorophores which are drift 

corrected can be used for quantitative evaluation to reveal the true structural organization of 

the nucleus. 

Another original work during this PhD research was the design of an optical beam path 

which allows users to define regions of interest for illumination [SC2]. This method can 

minimize the area of light exposure to avoid early photobleaching of fluorescent labels in 

biological targets. Based on a Computer Generated Holograms, the phase of the desired 

intensity pattern for illumination was computed using a modified Gerchberg-Saxton algorithm. 

By projecting the computed phase on a SLM, a defined pattern for illumination can be obtained. 

The big advantage of this optical design is that light can be efficiently distributed with low loss 

of power. By defining a small region of interest, a sufficient irradiance to induce blinking 

fluorophores can be achieved without a laser with high power. Therefore, this method can be 

used for diverse SMLM applications when high irradiance is required. The user-defined 

intensity pattern facilitates flat-top illumination, which is beneficial for quantitative analysis. 

For imaging nuclei, a cell nucleus was illuminated using the flat-top illumination. The spatial 
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organization of the nucleus was analyzed using a density based cluster analysis on the localized 

DNA fluorophores. Different sizes of the clusters in the nucleus was obtained.  

The above-mentioned improvements solve certain problems of the microscope for 

SMLM. However, fluorescent labeling using commercial available fluorophores is a principle 

restriction for SMLM, because sufficient blinking signals can only be acquired with a careful 

adjusted chemical environment in the sample. A new class of fluorophores based on 

nanographenes was developed during the PhD research for the practical use of SMLM in 

material science and bio-imaging [SC3]. The fluorescence properties of four different 

nanographenes were investigated. It was discovered that they have intrinsic blinking 

characteristics, which are comparable with the commonly used organic fluorophore Alexa 647. 

Furthermore, they show only a small dependency on the environmental conditions. Highly 

comparable blinking signals were achieved in air, which makes them suitable for applications 

in material science. For the demonstration of nanographene in applications for material science, 

3D SMLM was performed to image the fine structure of a cover slip with small crevices on the 

surface. Another high-resolution image method based on AFM was performed to confirm the 

structure shown in the SMLM image. Similar structures of the crevices were acquired after 

image registration. 

A water-soluble nanographene was then investigated to study their capability for bio-

imaging. Its biocompatibility and blinking characteristics were confirmed to be suitable for 

SMLM. Although the demonstrated water-soluble nanographenes cannot be used to label DNA 

molecules in nuclei, this nanographene could be imaged for a long time without significantly 

decreasing of the blinking characteristic. Therefore, this nanographene may be suitable for 

imaging nuclei, when additional ligands are synthesized to bind to DNA molecules. The 

complete optical setup presented in this PhD thesis shows the potential to image nuclear 

structures with high resolution in three dimensions with the help of blinking fluorophores based 

on nanographene.  

The advanced optical setup for SMLM presented in this PhD thesis is indeed not 

restricted to only image cell nuclei. It can be used to image other biological sample targets, 

when high-resolution is required. The advanced design of the optical setup and the development 

of nanographenes with a specific ligand to bind to a biomolecule can broaden the range of 

applications for SMLM in biology and in material science.  
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