Dissertation
Optimizing single molecule

localization microscopy as a tool in
chemistry, biology, and physics

Stephan Bergmann

N






Bielefeld University
Faculty of Physics

Dissertation

Optimizing single molecule

localization microscopy as a tool in
chemistry, biology, and physics

Author:
Stephan Bergmann

December, 2019



Referees:
Prof. Dr. Thomas Huser
Prof. Dr. Thomas Hellweg

Printed on non-aging paper °° ISO 9706



Contents

1.

2.

Introduction 1
Theoretical background 7
2.1. Widefield microscopy . . . . . . . ... oo 7
2.1.1. Luminescence of fluorescent molecules, nanodiamonds and
semiconductor particles . . . ... ... Lo 7
2.1.2. General widefield fluorescence setup . . . . .. .. ... ... 10
2.1.3. Tlumination schemes . . . . . . . . ... .. ... .. ..... 11
2.1.4. Resolution limit in microscopy . . . .. ... ... ... ... 14
2.1.5. Photochemistry and photophysics of organic fluorophores and
fluorescent proteins in specialized buffer . . . . . . .. .. .. 17
2.2. Approaches to super-resolution microscopy . . . . . . ... .. ... 20
2.2.1. Stimulated Emission Depletion . . . . .. ... ... ... ... 22
2.2.2. Structured Illumination Microscopy . . . . . ... ... ... 23
2.3. Single Molecule Localization Microscopy . . . . . . . . ... .. ... 25
2.3.1. Precise and accurate localization of single emitters in SMLM 28
2.3.2. Methods for resolution estimation in SMLM . . . . . . .. .. 30
2.3.3. 3D single molecule localization microscopy . . . . . . . . . .. 33
2.4. Microgels: polymer based colloids with smart properties . . . . . . . 36
2.4.1. What are microgels? . . . . . . .. ... ... L. 37
2.4.2. Characterization methods for spherical polymer particles . . 41
SMLM resolves Network Morphology of Smart Colloidal Microgels 45
3.1. Introduction . . . . . . . . ... 46
3.1.1. dSTORM . . . .. ... 47
3.1.2. Photon correlation spectroscopy . . . . . .. .. ... ... 49
3.1.3. Fluorescence correlation spectroscopy . . .. .. ... .. .. 50
3.1.4. Atomic force microscopy . . . . .. ... 51
3.2. Results and discussion . . . . . . .. ... ... 51
3.3. Conclusion . . . .. . ... . 60
Influence of the monomer structure on the particle morphology 63
4.1. Introduction . . . . . . . . .. ... 63
4.2. Experimental section . . . . . . ... .o oL 64

4.2.1. Microscope setup . . . . . . . ..o 64



Contents

4.2.2. 3D calibration for dSTORM imaging . . . . . . ... ... .. 65
4.2.3. Localization density calculation for morphology estimations . 67
4.3. Results and discussion . . . . . . ... ..o 67
4.4. Conclusion . . . . . . .. L 72

5. Resolving the internal morphology of core-shell microgels with SMLM 73

5.1. Introduction . . . . . . . . . .. L 74
5.2. Experimental Section . . . . . . . ... ... ... ... ... 75
5.2.1. Microscopesetup . . . . . . ... Lo 75
5.2.2. 3D calibration for dSTORM imaging . . . . . . .. ... ... 76
5.2.3. dSTORM imaging . . . . . .. ... ... ... ...... 76
5.2.4. Image reconstruction . . . . . . . ... .. oL oL 78
5.3. Computational Methods . . . . . .. .. ... ... ... ... ... 79
5.3.1. 3D quantification of 2D projected single molecule localization
microscopy data . . . .. ... Lo o 79
5.3.2. Normalized integrated intensity profile for 3D recalculation
of 2D SIM data . . . . . . . . . ... 81
5.4. Results and Discussion . . . . . . . . .. ... . oL 81
5.4.1. Measurements on PNIPMAM core particles . . . . . ... .. 81
5.4.2. Measurements on the core-shell system . . . . . . ... .. .. 85
5.5. Conclusion . . . .. .. . 90
6. PALM of cardiomyopathy associated plakophilin-2 mutants 93
6.1. Introduction . . . . . . . . . . . . .. .. 94
6.2. Experimental Section . . . . . . . . ... ... L. 97
6.2.1. Experimental setup . . . ... .. ... ... ... ... 97
6.2.2. Image acquisition and data reconstruction . . . . . . . . . .. 99
6.2.3. Dataanalysis . . . . ... ... ... oL 99
6.3. Results and discussion . . . . . . . ... .o 100
6.4. Conclusion . . . . . . . . . . . e 102

7. Probing magnetic fields with super-resolved fluorescence microscopy 105

7.1. Introduction . . . . . . . .. ..o 105
7.2. Experimental section . . . . . . . .. ..o oL 106
7.2.1. Fluorescence spectroscopy . . . . . . . . . . ... 106
7.2.2. Single molecule localization microscopy . . . .. .. ... .. 108
7.2.3. Evaluation of single molecule localization data . . . . . . .. 108
7.3. Results and discussion . . . . . . .. ... ... oL 108
7.4. Chiral induced spin selectivity effect . . . .. . ... ... ... ... 113
7.4.1. Experimental section . . . . . . ... ... 0L 115

7.4.2. Results and discussion . . . . . . . ... ... 117



Contents

8. Summary and comprehensive outlook 121
A. Appendix |
A.1. SMLM resolves Network Morphology of Smart Colloidal Microgels . 1
A.1.1. Microgel synthesis . . . . ... ... ... ... ........ I
A.1.2. Macrogel synthesis . . . . . .. ... .. ... ... . ... I
A.1.3. Fluorescent labeling and microgel deposition . . . ... ... I
A1.4. SoMaCoFit . . . . . . . .. .. 11
A.2. [Influence of the monomer structure on the particle morphology . . . VI
A.2.1. Microgel synthesis . . . . ... . ... ... ... ..., VI
A.2.2. Fluorescent labeling and microgel deposition . . . . .. ... VI
A.2.3. Photon correlation spectroscopy . . . . . . . . ... ... VI
A.3. Resolving the internal morphology of core-shell microgels with SMLM VII
A.3.1. Syntheses . . . . . . ... VII
A.3.2. Photon correlation spectroscopy . . . . . .. ... ... ... VIII
A.3.3. Atomic force microscopy . . . . . ... X
A.4. PALM of cardiomyopathy associated plakophilin-2 mutants . . . . . X
A.5. Probing magnetic fields via super-resolved fluorescence microscopy . XI
A.5.1. Sample preparation of single molecule surfaces investigating
MFE on standard organic fluorophores . . . . . . .. ... .. XI
A.5.2. Sample preparation of SAMs on softferromagnetic multilayer
SYSteMS . ... L e e XIT
A.6. dSTORM imaging buffer. . . . . .. ... ... ... ... ... .. XII
B. Acronyms X1
C. Publications XV
D. Acknowledgment XVil
E. Statutory declaration XIX






1. Introduction

Since the 16th century, the development and improvement of optical microscopes
has continued. The first multi-lens microscope was attributed to Zaccharias (1587-
1638) and Hans Jannsen (1534-1592) and was able to produce a magnification
factor of 10. It took more than 50 years until the microscope was widely used
among scientists for drawings of capillary vesicles in the lungs of frogs.. Robert
Hooke (1635-1704), known for his bibliography Micrographia [1], modified the pro-
posed basic concept with a biconvex lens, which led to an image suffering from
chromatic and spherical aberrations and resulting in a blurred image. Adding a
small diaphragm to the optical path could sharpen the image, but most of the
light was blocked, resulting in a very dark image. His contribution to the latest
microscopes was therefore to add a light source in front of a water-filled glass to
generate a diffusely illuminated sample. The Dutchman Anton van Leeuwenhoek
was inspired by Hooke’s work and obtained improved images with a single lens
microscope where he achieved up to 270x magnification. He was not the inventor
of the microscope, but his microscopes were the best at the time, allowing him to
observe bacteria from tooth scraps.

From that time on, microscopes attracted more and more attention in the sci-
entific community. The achieved image quality benefits in particular from the
improved manufacturing processes for objective lenses with higher quality and less
contamination. Therefore, lens compositions were produced to reduce the spher-
ical and chromatic aberrations that were the main sources of degradation of the
obtained images. Thus, it can be said that the development of new and better mi-
croscopes is directly linked to advances in the understanding of cell biology. Even
before the theoretical description by Ernst Abbe in 1873 [6], Gioavanni Battist
Amici (1786-1863) developed a semispherical objective lens to minimize chromatic
aberrations. He also described a relationship between image quality and coverslip
thickness and introduced the first water immersion objectives. At about the same
time, inventions such as a mechanical x-y table for moving the sample across the
objective or stereomicroscopes with two eyepieces were made. All these components
can be found in modern microscopes.

Another key to better image quality with microscopes is to improve the contrast
of a desired target compared to the rest of the sample. First important observa-
tions of a phenomenon later called fluorescence were made by Sir John Herschel
in 1845 [2]. He observed distinct colours dispersed by a prism, originating from a
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highly concentrated quinine solution, after illumination of sun light passing blue
lead glass. Compared to Sir George Stokes, he did not notice that in the case
of quinine and also some fluorite crystals, the emission spectrum was shifted to
the red side of the colour spectrum [3]. In his publication 1853 he used the term
fluorescence [4] for the first time. Only a few years later, in 1858, a fluorescent
molecule called fluorescein [5] was synthesized for the first histological staining ap-
proaches. From now on, the development of new dyes plays an important role in
the further development of different microscopy techniques, as different properties
of the fluorescent markers are required. Further milestones on the way to a versatile
tool for biomedicine and biology were the discovery of the green fluorescent protein
(GFP) [17] and later the possibility to insert the deoxyribonucleic acid (DNA) of
GFP to genes responsible for the expression of specific proteins to visualize them.
The other way to achieve a specific signal from a desired target is to use antibodies
with a directly bound synthetic fluorescent molecule [14].

First observations of specific structures and transport processes in cells, which
are important in biology and medicine, were made possible by fluorescent molecules
and proteins. But until the beginning of the 21st century, imaging was limited by
the diffraction limit. For example, protein interactions on the nanoscale could not
be resolved with fluorescence imaging techniques. In 2014 Eric Betzig, William E.
Moerner and Stefan Hell [29, 31, 41, 47] were awarded the Nobel Prize for Chem-
istry. Especially Eric Betzig and William E. Moerner paved the way for today’s
established methods of single molecule localization microscopy (SMLM) to exceed
the diffraction limit. On the one hand, a precise description of the switchover be-
tween an on and off state of green fluorescent proteins [35] was necessary. On the
other hand, a mathematical description and method for estimating the localization
where the fluorescent light originated was also required [25, 30, 86]. Taken together,
these two discoveries offer a number of new possibilities in imaging on scales one
order of magnitude smaller than before. And it makes it possible to count local-
izations and link them to the number of molecules that contribute to an image or
a specific area of interest.

Therefore, SMLM is the key tool used throughout my dissertation, e.g. to inves-
tigate material morphology to synthesize tailor-made polymer particles [232, 244,
260, 282, 288, 301, 317] with smart properties, identification of truncated pro-
teins causing cardiac diseases [249, 250] and possibilities to apply SMLM to probe
magnetic fields[314] and how it is not working [258]. Polymer particle with spe-
cial properties regarding to changes in temperature [44, 49], pH [72, 100, 191], ionic
strength [34] or electrochemical potentials [87] respond with a collapse or swelling of
the polymer network. This can be used in different application in life science [147,
251, 295, 316] medicine [122, 306, 315], as sensors [310], as nanoparticle carrier [91]
or nanoreactors [156, 161]. To tune the response to a certain external stimuli an
accurate knowledge of the internal morphology is crucial. So far, the inner struc-



ture and especially the cross-linking density of microgels could only be resolved by
small angle neutron scattering (SANS) experiments. The preparations are time-
consuming, expensive and the access to the beam lines is limited and associated
with waiting times. By using the easy to use and established method of the SMLM
it is possible to localize single fluorescent molecules within a single microgel and
to draw conclusions about the inner structure through the radial localization den-
sity. Due to the possibility and necessity of SMLM working in liquid solvents, the
microgels can be observed in swollen state and control over stimulus parameters
such as temperature is possible. Recently, great progress has been made with a
diffusion approach to studying the polarity of microgels based on an emission shift
that depends on the polarity [317] and the influence of the substrate on deformation
of microgels mounted on a coated coverslip [308].

For biology and medicine, fluorescence microscopy provides a toolbox for inves-
tigating the dynamics and interactions between proteins with high specificity [84],
temporal and spatial resolution [138]. Even before Gregor Mendel did his pioneer-
ing work on genetics through plant hybridization, Giovanni Maria Lancisi recog-
nized repeated symptoms in a four-generation family suffering from palpitations,
dilatation and aneurysm in the right ventricle. This was one of the first written
records of a genetic disease. The basic and most common mutations occur in genes
coding for proteins in desmosomes[198]. These compartments are important for
cell-cell interaction and cell integrity. Detailed knowledge about the interaction of
the main proteins could provide crucial information about the main mechanisms of
these heart diseases. By using a photoconvertible fluorescent protein fused with the
protein of interest, a sparse subset of molecules can be shifted red in their emission
so that individual proteins can be localized with high precision [86]. Here it could
be shown that for the PKP2 gene encoded plakophilin-2 a shortening of the ar-
madillo repeats leads to a dislocalization within the cell and can be pathological or
furthermore lethal. For a single protein it is not necessary to apply SMLM, as the
qualitative dislocation of the truncated protein can also be detected by standard
wide-field fluorescence microscopy or confocal laser scanning microscopy. However,
in order to investigate the effects and interaction of proteins, it is necessary to use
super-resolution techniques due to the very narrow distances within the desmo-
some complex. A truncated protein that is still located at the same position as the
unmodified protein, but the cell integrity might be distorted by a weaker protein-
protein interaction at the desmosome. In a further step, different mutations in the
genes will be investigated by artificial constructs in cell culture and compared with
samples from heart muscle sections of patients with this disease. The estimated
prevalence for the public is about 1 to 5000 [190] and is therefore of high relevance
for the understanding of the underlying mechanisms.

The use of super-resolution microscopy can also push the knowledge of very small
magnetic domains visualized with wide-field methods to new limits. An established
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method for indicating the magnetization direction is the Kerr magneto-optical ef-
fect [220]. Here, the polarization properties of light are used to visualize the change
in polarization caused by the magnetization of a ferromagnetic surface. The detec-
tion is realized by two polarizers with a perpendicular orientation to each other.
Due to the diffraction limit it is only possible to detect different magnetizations in
the microscopic, but not in the nanoscopic range. Therefore, an idea to overcome
the diffraction limit with SMLM was based on a publication in which a magnetic
field was used to increase the photon yield [229]. According to the assumption that
an external magnetic field increases the number of photons emitted, it would be
possible to count them with the tools of SMLM. By using an immobilized layer
of fluorophores to produce a map of emitted photons in correlation with a known
magnetic field, a calibration measure can be generated. The expected change of the
emitted photons was not reproducible in single molecule experiments, so that the
same mass measurements are performed in a fluorimeter. The experiment revealed
a systematic error due to the reflectivity of the shiny surface of the neodymium
magnet, which led to an increased detected fluorescence. However, a promising way
to explore magnetic domains could be the use of special chiral molecules acting as
spin filters [152, 215, 283, 314]. By combining the properties of chiral molecules
with quantum dots that generate exciton pairs by ultraviolet illumination, the lu-
minescence of the quantum dot can be used as a measure of the magnetic field
direction [241]. Problems encountered in the realization of a method for measuring
magnetic domains with different magnetization on the nanoscale were the weakness
of the effect for single quantum dots and the microscope stability in the magnetic
field.

Overall, in my thesis I was able to show the variety of issues that can be ad-
dressed with the use of SMLM and the different measures available through the
localisation process. For the study of microgel morphology, the number of local-
izations per ring area can be used as an estimate of density. Using symmetry, this
2D information can be converted into 3D information [272, 276]. This uncompli-
cated and easy-to-use method provides a way to obtain morphology information
without integrating a fluorescence labeling system that changes the network struc-
ture and properties of the microgel. Different architectures can be studied and
microgels can be fine-tuned more easily. With the resolution capabilities of SMLM,
the dislocation of desmosomal proteins can be resolved with higher precision than
with conventional wide-field fluorescence microscopy or confocal laser scanning mi-
croscopy. For ongoing studies on genetically caused heart diseases, knowledge of
the interacting proteins is of great interest in order to obtain information on which
combinations of types and combinations lead to pathological changes in the heart
muscle. Not only the correct position of the protein is important for cell-cell inter-
action, but also the total number of proteins that can be counted in SMLM [212,
305] can be a key for cell stability. The number of photons emitted can also be used



to obtain information about material properties, such as magnetization. Overall,
SMLM is therefore a versatile toolbox for counting localizations or even molecules,
the underlying photon number that can change due to external influences, and per-
haps the most widespread application of reconstructing images based on estimated
localizations to bypass the diffraction limit and gain new insights in completely
different subject areas.






2. Theoretical background

2.1. Widefield microscopy

2.1.1. Luminescence of fluorescent molecules, nanodiamonds
and semiconductor particles

Over the past 30 years, fluorescence microscopy has been continuously developed
by improving standard fluorescence markers, developing new luminescence probes
and novel microscopy techniques. Fluorescence microscopy has the ability to high-
light molecules and structures of interest with a high contrast compared to a dark
background. Fluorescence emitters can be excited by absorption of a photon, where
one photon transfers the energy E according to Planck’s relation

E=hy=— (2.1)

with A Planck’s constant, ¢ the speed of light, v the photon frequency and A the
photon wavelength in vacuum. The transition of an electron from the ground
state to an excited state due to the energy transfer by absorption of the photon
follows the Franck-Condon principle [8-10], whereby transitions to an vibrational
state with a high overlap of wave functions are preferred. By predominantly non-
radiating transitions the electron relaxes into the ground state of the first excited
electronic state, this event is called internal conversion. From this state, energy
can be released in the form of an emitted photon, where the energy corresponds
to the difference between the different states, called fluorescence. Due to the non-
radiative transitions into the first excited singlet state, the emitted photon has a
longer wavelength than the light used to excite the molecule. This can be seen
directly from Planck’s equation, 2.1. This spectral shift between the excitation
wavelength and the emission wavelength is called Stokes shift [3] (see figure2.2 A).

The processes within a molecule can be summarized in a so-called Jablonski
diagram (see figure 2.1 A). By absorption of a photon an electron can be brought
from the ground state Sy to the first excited state of the dye molecule, the singlet
state Sp or even to a higher singlet state So,.Ss3... (blue arrows). Radiation-free
processes which are called internal conversion and vibration relaxation (black wave
arrow and grey wave arrow) occupy the vy vibrational state of the S; state. From
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Figure 2.1.: The subfigure A shows an extended Jablonski diagram with the relaxation
path of fluorescence, phosphorescence, non-radiative paths due to internal conversion or
oxidation of reduced dye molecule states. The boxes represent the participating HOMOs
and LUMOs with their representative electron spins up and down. The subfigure B
shows a semiconductor quantum dot with its associated path forming an exciton pair
with a subsequent recombination of the electron-hole pair under emission of a photon.

here, the molecule can be excited to even higher states or return to the ground state
in two different ways. Again, an internal conversion can take place, which leads
to a radiation-free transition into the singlet ground state Sy. The desired path
back to the ground state .Sy is coupled with the emission of a spectrally red shifted
photon, compared to the wavelength of the absorbed photon. All these processes
take place on different time scales, including a range of femtoseconds (1071°s)
for the absorption process, picoseconds (1071%s) for the internal conversion, and
nanoseconds (10?s) for the fluorescence lifetime.

The boxes next to different energy states represent the highest occupied molecu-
lar orbit (HOMO) of the unexcited dye molecule and the lowest unoccupied molec-
ular orbit (LUMO) as well as the electron spin. In the initial state, the fluorophore
has two distinguishable electrons in HOMO due to its spin. The excitation lifts
one of the electrons to the LUMO. During the absorption process, one electron is
transferred from HOMO to LUMO and returns to the former HOMO.

A competing mechanism for fluorescence is phosphorescence, which occurs from
the transition to the triplet state T}, where the electron spin of the excited elec-
tron inverts and the transition back to the ground state Sy is forbidden according
to Pauli’s principle, where two fermions must be distinguishable by at least one
quantum number. The electron thus remains in the triplet state, which has a long
lifetime of up to several seconds compared to the singlet states. A mechanism com-
parable with the fluorescence pathway is also possible from the 77 state, in which
an even further red shifted photon is emitted. This process is called phosphores-
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cence. Other possible transitions during the lifetime of the triplet state are coupled
to the chemical environment. During the occurrence of the triplet state, a higher
reactivity to a radical anion or a completely reduced leukoform of the dye is given
in the presence of a thiol. Both the radical anion form and the completely reduced
leukoform return to the ground state by oxidation, which is a radiation-free process.
If the molecule is not oxidized, it remains in a long-lived, non-emitting, dark state
with a lifetime of up to several seconds [61, 127]. Due to the higher reactivity in
the triplet state, it is also more likely that the molecule is photobleached or pho-
todestroyed. Special buffer conditions can provide a higher surviving fraction of
fluorescent molecules over time [52]. The energy loss due to non-radiating vibration
relaxation in the excited S; and ground state Sy can be detected as a red shifted
photon compared to the photon that excited the molecule. The corresponding
energy can be calculated from Planck’s equation 2.1 and results from the energy
difference of

1 1
AEPhoton he (Aout )\in> . (22)

This energy loss is specific for every molecule and is called Stokes shift, which
is the fundamental effect which enables fluorescent microscopy with the known
low background by efficiently separating the excitation light from the emission
signal. A widely used fluorescent probe, in particular for SMLM, is Alexa Fluor
647. The absorption and emission spectrum including the Stokes shift is shown in
figure 2.2 A.

Further prominent luminescent nanoparticles are so-called quantum dots (Qdots),
which consist of a semiconductor material that forms a valence and conduction band
with a band gap (see figure 2.1 B), which corresponds to the emission wavelength
that can be described by a particle in a box potential. Therefore, the desired
emission wavelength can be tuned with the Qdot size. General properties can be
controlled during Qdot synthesis by varying the used materials, such as lead sul-
fide (PbS) or cadmium selenide (CdSe). These types of Qdots are called core type
Qdots. An additional shell around the Qdots core (Core-Shell Qdots) changes the
transition from a bright and a complete dark state to a bright and a grey state
and even to longer on-periods [233]. Qdots are used in fluorescence microscopy for
various purposes, e.g. as reference markers for drift correction or directly as a fluo-
rescence markers. One of their biggest advantages is the higher photostability over
long time scales [103, 124, 135] compared to conventional organic fluorescent dyes.
In addition, their unique blinking properties can be used for advanced fluorescence
microscopy techniques to improve image resolution beyond Abbe’s proposed limit
(see chapter 2.1.4). Another interesting feature of Qdots is the possibility of multi-
color imaging with a single laser wavelength for excitation, since Qdots of different
sizes and emission wavelengths share a similar absorption spectrum in the far UV
range (see figure 2.2 B).
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Figure 2.2.: Quantum dots and fluorescent organic dyes have unique excitation and
emission properties. A shows the excitation and emission spectrum of Alexa Fluor
647 (digitized from [294]), a widely used fluorescent dye in SMLM that belongs to the
group of cyanine dyes. B shows the normalized absorption of cadmium telluride-based
quantum dots (Qdots). One advantage of using Qdots for fluorescence microscopy is the
broad and emission-independent absorption in the ultraviolet and violet regions of the
visible spectrum. This enables multi-color imaging with a single excitation wavelength
(adapted from [162]). Unlike Qdots, the absorption spectrum of organic dyes is unique
for each dye.

Another alternative to organic dyes are nanodiamonds, i.e. nanoscale diamonds
with multiple nitrogen vacancies (NV) that act as fluorescent sources[157]. In
contrast to Qdots, nanodiamonds do not carry out intrinsic blinking events and
show a very stable and environmentally unaffected fluorescence. The fluorescence
intensity depends on the number of NVs within a single nanodiamond. Another
feature is based on the unique energy level structure of the nanodiamond. Without
a magnetic field the energy levels of different spins are degenerated, but within
a magnetic field, a splitting of an energy level [200] occurs. Depending on the
external magnetic field strength this effect is called anomalous Zeeman-effect or
Paschen-Back-effect. Using a spin-dependent luminescence technique, luminescence
decreases when an external microwave field is resonant to the splitted and populated
energy level. Depending on the magnetic field strength, the two resonances appear
at different frequencies, which can be used as a measure of the magnetic field [324].
This effect is called optically detected magnetic resonance (ODMR) [36].

2.1.2. General widefield fluorescence setup

A schematic drawing of a minimalist fluorescence microscope is shown in fig-
ure2.3 A. Typically a microscope consists of a light source, a lens to focus on

10
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the back focal plane of the objective lens, a dichroic mirror to reflect the excitation
light towards the objective lens and separate the excitation light from the emitted
fluorescence, a tube lens and a detector, here a camera.

One of the most important components in the microscope is the objective lens,
which defines the achievable resolution of the microscope and is important to create
different illumination schemes. Therefore, depending on the lateral focus position
of the excitation beam to the back focal plane of the objective lens, it is possi-
ble to change the illumination scheme from epi fluorescence (figure2.3D) over a
highly inclined and laminated optical sheet (HILO) [128] (figure 2.3 C) to total in-
ternal reflection (TIR) [21] (B). For TIR special properties of the objective lens are
required. In detail, the mechanism of TIR is described in the following section.

2.1.3. Hlumination schemes

Many modern commercial fluorescence microscopes are inverted microscopes in
which the sample is illuminated from below. Therefore, the same objective lens is
used to illuminate the sample and to collect the fluorescence signal. From above,
a white light source is installed in combination with a condenser to gain a white
light transmission image in addition to the fluorescence image. With this setting,
typically three different illumination systems can be achieved as mentioned above
(figure2.3). Today, more advanced illumination systems can be used to get an
optical sectioning [66, 167] or to create a 47 configuration to achieve self-interference
of a single photon source and the ability to accurately determine the axial position
of the emission [138].

Epi illumination is achieved by focusing the excitation beam on the center of
the back focal plane of the objective lens. This results in a collimated beam that
illuminates the entire volume above the objective lens (see figure2.3D). Thus it
is possible to detect a fluorescence signal through the entire sample. The down
side of this illumination technique is the out-of-focus fluorescence, which decreases
the overall signal to background ratio. In addition these molecules are excited and
can be photobleached and destroyed, and are not available for further imaging.
This can lead to a signal degradation over time, which is a problem especially with
long-term observations of the sample of interest.

By moving the excitation beam to the edge of the objective’s back focal plane,
the illumination beam forms an inclined excitation beam within the specimen.
Depending on the numerical aperture of the objective lens, a strongly inclined
and laminated optical sheet (HILO) [128] is formed near the coverslip. Compared
to the epi illumination scheme, a small area above the coverslip is illuminated
which contributes to the final fluorescence image and provides a better signal-to-
background ratio due to the smaller excitation volume above the objective lens. A
rough estimate of the light sheet’s thickness dz can be given by the diameter R of

11
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A B Cc D

Figure 2.3.: A shows a schematic fluorescence microscope in which the excitation
pathway is highlighted in green and originates from the light source. The fluorescence
(yellow) emitted by the sample is collected by the same objective lens that is used to
illuminate the sample. The excitation and fluorescence light are spectrally separated
by the Stokes shift through a filter or in this case a dichroic mirror (blue), which acts
as a mirror or is transparent to light of a specific wavelength. Finally, the tube lens
focuses the fluorescence light onto a detector, in this case a camera. The sub-figure B
shows the illumination scheme of total internal reflection (TIR), in which the electric
field of the reflected excitation beam decreases exponentially above the coverslip and
thus only a few hundred nanometers of the sample are excited. For the highly inclined
and laminated optical sheet(HILO), the excitation beam is slightly moved to the center
of the objective lens and forms a tilted narrow light sheet near the coverslip (C). The
epi-fluorescence shown in D illuminates the entire sample volume above the objective
lens.

the illuminated surface and 6p;;,, which is the angle between the vertical surface

of the inclined light sheet and the coverslip (see figure 2.3 C).
R

dz ~ —— 2.3

tanfuilo 23)

When the excitation beam is moved further to the edge of the objective lens,

a total internal reflection occurs at the interface between the coverslip and the

overlying medium of the sample. Typically, coverslips are made of borosilicate

glass with a refractive index of n = 1.518, while water has a refractive index of

n = 1.33 under ambient conditions. The majority of the samples examined are
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2.1. Widefield microscopy

polymer particles, so-called microgels with different compositions. Depending on
the environmental temperature microgels exhibit different properties based on a
volume phase transition. Therefore, the refractive index strongly depends on the
state of the microgel. In the swollen state, the refractive index is close to n = 1.34,
which corresponds to the refractive index of water, for a wavelength of about 600 nm
at a temperature of 30°C. The increase in temperature leads to a collapse of the
microgel and an increasing refractive index up to n = 1.39[130] is observable.
The assignment of a general refractive index to biological samples is also difficult
because different regions in a cell have different refractive indices from n = 1.36
for cytoplasm [101] to n = 1.60 for lysosomes [238]. The refractive index plays an
important role for the occurrence of a total reflection according to Snell’s law, at
which a certain angle, the critical angle 6., must be reached between the plane
perpendicular to the surface boundary and the incident beam.

0. = arcsin (m) (2.4)

ni

Here, ny is the medium above the coverslip, which can be the environment of
the sample or the sample itself. For a high numerical aperture objective lens,
the immersion medium 7 is in most cases oil with a refractive index of n = 1.518,
which corresponds to the refractive index of the coverslip. As shown in figure 2.3 B,
the intensity of the remaining electromagnetic field above the coverslip decreases
exponentially and its intensity I can be calculated by

I(z) = Ipexp (—;) ) (2.5)

where z is the height above the coverslip, [ the penetration depth and I the
intensity directly at the interface. The penetration depth [ is linked to the excitation
wavelength A\.,. in vacuum and the refractive indices n1, no and the angle 6 between
the perpendicular surface to the surface boundary and the incident excitation beam.

)\exc
4y /n3sin®(0) — n3

Based on the used angle of the incident beam the penetration depth can be adjusted
down to ten nanometers [131], but it is typically in the range of 100 nm to 200 nm.
The advantage of this very thin range is the enhanced signal-to-background ratio
due to nearly missing fluorescent background from above the focus. However, the
total internal reflection scheme has the disadvantage of being limited to the volume
close to the coverslip’s surface.

| =

(2.6)
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Figure 2.4.: A shows the resulting diffraction-limited image of two point emitters in
the configuration of the Rayleigh criterion. The emission distribution of the first emitter
is described by a Bessel function of the first type and first order. The second emitter
is placed in the intensity minimum of the first emitter. In B a line profile (from cyan
dotted line in A) is calculated for the summed intensities (blue) and the intensities of
each emitter (first emitter black and second emitter orange). For later use, C shows
the approximation of the airy disk by a Gaussian distribution, where an estimate of the
achieved resolution can be given by the full width at half maximum (FWHM) of the
Gaussian fit.

2.1.4. Resolution limit in microscopy

Based on observations with a diffraction grating Ernst Abbe found in 1873 [6] that
the ability of microscopes to resolve two lines from each other depends on the used
wavelength A of the light and the ability of the objective lens to collect light from
a very large angle 6. For the well known and famous formula

A 1

d = -
2~n-sin(9) |kAbbe|’

(2.7)

he assumed that the grating is illuminated with a coherent light source at the
angle € and a lens with the ability to collect light from the same half aperture
angle 0. In equation 2.7 d corresponds to the grating constant that can be resolved
by the optical system. In the image of the frequencies transmitted by the optical
system, |kappe| refers to the maximum spatial frequency transmitted. Typically
the expression n - sinf is summarized by the numerical aperture NA. Here, n is the
refractive index of the medium between the last objective lens and the observed
object. The given equation 2.7 is only valid if the sample is illuminated with a
condenser lens corresponding to the numerical aperture of the objective lens. A
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2.1. Widefield microscopy

more general expression of equation 2.7 is

A
NAcondenser + NAobjective

d (2.8)

In the sense of fluorescence microscopy, the observed objects are single points and
incoherent fluorescent emitters, emitting a spherical wave. Only a part of this wave
can be translated into a planar wave by the objective lens due to its limited angular
aperture, with each point itself being the origin of a Huygens wave front. Due to
the loss of information, the point emitter cannot be fully restored by the optical
system. The resulting intensity distribution is called point spread function (PSF).
Adding a lens to focus the planar wave into a single point results in a constructive
interference where the optical path length is the same for all wavelets. Around this
point, the path lengths are different and destructively interfere with each other,
resulting in an interference pattern of the so-called airy disc. The field intensity I
can be expressed as

10) = 1(0) <W> , 2.9)

%Tasiné'
where I(0) is the center intensity, J; is the first order Bessel function, and a is
the opening radius. The first minimum is at sinf = 1.22%. According to Lord
Rayleigh’s definition, two point sources can be distinguished if the maximum of
one point source is in the minimum of the other point source. From this qual-
itative explanation and the intensity distribution described by equation2.9, it is
possible to define the minimum distance d at which two emission points are still
distinguishable.
d=1.22 A 2.10

- T7T2NA (2.10)
If two single emitters are positioned at the minimum distance d (see figure2.4 A)
defined in the Rayleigh criterion, a decrease of the summed intensity of 27.4%
can be seen between the two emitters compared to the maximum intensity of a
single emitter (figure 2.4 B). For the later described SMLM method in chapter 2.3,
it is important to approximate the position of emitters by the acquired PSF of a
single emitter to bypass the diffraction limit. In figure2.4 C it can be seen that
the Gaussian distribution approximates very well the intensity distribution of the
airy disk. This allows a faster computation in comparison to calculation of the airy
disc via the more complicated Bessel function. Since samples of interest are three-
dimensional objects, it is necessary to consider the resolution limit of microscopes
in axial direction. Here, a minimum distance zn;, is defined as the objective lenses
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2. Theoretical background

travel distance from the maximum to the first intensity minimum [92].

2\
Zmin = —5———— 2.11

- NAcz)bjective ( )
Like for lateral approach to bypass the diffraction limit with SMLM, there are pos-
sibilities to overcome the resolution limit in axial direction, which is described for
single molecule localization methods in chapter 2.3.3. Until now, the optical system
is the only limitation for the resolution, but in addition the detector and the sample
itself plays a not negligible role for the image quality of a microscope. Especially
in SMLM, the back-projected pixel width a is important to satisfy the Nyquist-
Shannon sampling criterion, which generally states that the recorded frequency
must be sampled at twice the frequency to be detected [11, 16]. For a camera, the
pixel width must be selected to be at least half the system resolution. Thus, the
criterion must also be applied to structures captured by the diagonal of the pixel
detector, where the pixel width to reach the sampling criterion is as set forth below

d

a=575 (2.12)
On the other hand, the specimen must also satisfy the requirements of the Nyquist-
Shannon sampling criterion. For the one-dimensional case, the mean distance be-
tween two labels must be smaller than the shortest detectable spatial frequency
Sfmaz, Which can be related to the early resolution measurements Ernst Abbe per-
formed with a grid. Therefore, the shortest detectable space period is T =
1/ fmaz- The minimum required label density p is linked to the dimension D of
the image so that p > (2/Tyin )P is fulfilled [126]. But this is only the necessary
condition and not a sufficient one. In recent studies, the proposed distance between
the molecules should therefore be one fifth of the system resolution [218, 236].

Image formation

From earlier observations that an optical system is limited by the transmission
of frequencies, a point-like emitter has an intensity distribution of an airy disk.
Theoretically, the image formation can be described as a convolution of the point-
like emitter with the characteristic PSF of the system. A complete image g consists
of distributed single emitter f which is convoluted with the microscopes specific
PSF.

g=f®PSF (2.13)
In Fourier space the convolution is a multiplication

F{g} o< F{f} - F{PSF}, (2.14)
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2.1. Widefield microscopy

With the knowledge of the PSF or the optical transfer function (OTF), it is possible
to reverse the convolution with the reverse operation named deconvolution. The
OTF is defined as the Fourier transform of the PSF. It is important to note that
the OTF has a cut-off frequency which is also linked to the achievable resolution of
the microscope. From a mathematical point of view it should be possible to restore
the original image, but effects like noise or motion blur will change the resulting
deconvoluted image.

2.1.5. Photochemistry and photophysics of organic fluorophores
and fluorescent proteins in specialized buffer

After the excitation process of a fluorescent molecule, as shown in figure 2.1 A, dif-
ferent paths back to the ground state Sy are possible. Through the use of reducing
agents (ascorbic acid, n-propyl gallate [109, 110], Trolox [95], 8-mercaptoethanol [22,
166] and oxidizing agents (methylviologists, Trolox quinone), several dyes from the
different dye classes (see figure 2.5) can be reduced from the triplet state to a long-
lived intermediate radical state in which no fluorescence occurs. These states are
called dark- or off-states. In multi-color experiments, two or more different organic
dyes or fluorescent proteins are used, whereby the emission spectra are well sepa-
rated from each other and no spectral crosstalk occurs. Therefore, it is necessary to
match the right chemical conditions to achieve a low temporal fluorescence density
to obtain single localizations for all fluorescent dyes or proteins in the on-state. A
key role in maintaining the off-state of the fluorescent molecule is to remove the
molecular oxygen from the surrounding buffer medium. This can be achieved by
various chemical reactions. There are two common oxygen scavenging methods.
The first is based on glucose oxidase in combination with catalase (GODCAT) [62,
63, 89, 105, 106] and the second on protocatechuate dioxygenase (PCD) and pro-
tocatechuic acid (PCA) [48]. The GODCAT system was first developed in 1987 by
Englander et al. [24] to generate anoxic conditions in biochemistry. In 1990, Harada
and coworkers [26] used the GODCAT oxygen scavenging system in a composition
comparable to that used by most research groups as dSTORM image buffers. Their
goal was to reduce the effect of photobleaching by removing oxygen for longer ob-
servation times of actin filaments. An advantage of using the PCD/PCA system is
the long-term activity of the enzymatic reaction, the pH stability [177] and the fact
that during the reaction no hydrogen peroxide is formed, which is very reactive
and can lead to the destruction of the fluorescent molecules.

The standard imaging buffer for dSTORM experiments, proposed by Heilemann
et al. in 2008[115], performs well for Alexa Fluor 647, which is a member of
cyanine dyes, but does not perform well e.g. for Alexa Fluor 488, which belongs
to the dye group of xanthenes[28, 300]. So it is necessary to find a compromise
in the buffer conditions for the used fluorescent dyes, especially for the needs of
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Figure 2.5.: Overview of organic fluorescent dyes in the entire visible range. The
different dye families (coumarin, xanthene and cyanine) contain prominent dyes that are
common in fluorescence microscopy. The color-coded bar visualizes the main emission
wavelength of these dyes. Different regions in the visible emission spectrum are covered
by different dye classes. Coumarine dyes are prominent in the blue emitting region,
whereas xanthene and cyanine dyes cover the emission spectrum from green to near
infrared.

dual- or multi-color experiments. A good overview which organic fluorophores can
be used for SMLM under certain conditions is given by Dempsey et al. [150] and
even more specific for the combination of Alexa Fluor 647 and Bodipy FL by Bittel
et al. [277]. An earlier approach to improve the resolution in SMLM with Alexa
Fluor 647 is the quenching of the triplet state by adding cyclooctatetraene [188]
to gain more photons during the on-state. The kinetics between reduction from
the triplet state and the triplet state itself can be influenced by the amount of
reducing agents like S-mercaptoethylamine, S-mercaptoethanol or ascorbic acid.
Via oxidation or UV illumination (405 nm) it is possible for some dyes to return
back to the singlet state Sy and fluorescence can take place again. A new approach
by Nahidiazar et al.[243] is the usage of oxyrase, a deoxygenating reagent made
from oxygen consuming membrane fractions of Escherichia coli [60], and DL-lactate
as a substrate which also works as an antioxidant and radical scavenger [45]. To
achieve a sufficient blinking of dyes from different dye classes the mentioned buffer
shows a good compromise between the widely used Alexa Fluor 647 from the dye
class of cyanines and the mostly used Alexa Fluor 488 from the xanthene dye
class [42, 300].

All these buffer systems have to deal with the limitation of a refractive index
of approximately 1.33. In comparison intracellular compartments of a cell have a
refractive index between 1.355 in the cytosol and up to 1.600 in the lysosomes [238].
For the usage of high numerical aperture objective lenses it is favorable to have a
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2.1. Widefield microscopy

Table 2.1.: Small selection of photoswitchable fluorescence proteins. After excitation
with the mentioned conversion wavelenght, typically 405 nm, the protein changes its
fluorescence towards red shifted wavelengths.

Fluorescent Conversion Pre-conversion Post-conversion
protein wavelength
Absorption  Emission Absorption  Emission
maximum maximum maximum maximum
Dendra2[102] ~ 400 nm 490 nm 507 nm 553 nm 573 nm
mEosFP ~ 400 nm 505 nm 516 nm 569 nm 581 nm
thermo[82,
98, 213]
mMaple[168] ~400nm  489nm 505 nm 566 nm 583 nm
PSmOrange2[176]  489nm 546 nm 619nm 561 nm 651 nm

refractive index match between sample and surrounding medium, especially for
measurements of thicker samples and acquisition of 3D data. Due to the refractive
index mismatch a squeezed or stretched image appears along the axial direction.
But depending on the calibration method distortions can be taken into account [278,
311]. A new approach is the usage of a high fraction of glycerol with sodium sulfite
as an oxygen scavenger [13] in the buffer to achieve the high refractive index and
the oxygen reduced surrounding [281]. The drawback so far was that the enzyme
activity of the oxygen scavenging system is strongly reduced by the glycerol in case
of GODCAT. A solution for this might be given by the usage of sodium sulfite as
a well known antioxidant in food industry. Therefore, it is cheaper in comparison
to the established GODCAT and PCD/PCA.

The other important source of fluorescent labels are proteins. With the discovery
of the green fluorescent protein (GFP) [17] a new way of observations in living cells
and whole organisms is possible. Nowadays a "paint box” with different fluorescent
proteins is available. On the one hand there are the fluorescent properties like
emission wavelength, photoswitchability or photoconvertibility, and on the other
hand the local specificity. In this way it is possible to label proteins of interest, with
an additional fluorescent protein, and study aging, turnover, localization or motil-
ity. In addition, proteins are available with properties that make them valuable
as sensors for protein activity, membrane potentials and analytes[140]. Therefore,
dynamic measurement of protein interactions are of particular interest. An power-
ful application is the combination of super-resolution localization microscopy with
fluorescent proteins. Thus, they must be switchable from a dark-state to a fluores-
cent state or change the emission wavelength with the usage of an external trigger
like a specific wavelength (see e.g. table2.1). The first type is called photoactivat-
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2. Theoretical background

able fluorescent proteins and the last type photoswitchable. The following table 2.1
lists some photoconvertible proteins with the conversion wavelength, the absorption
and emission maximum and emission wavelength of the pre-converted state, and
the wavelengths of the converted state. These few examples show that these flu-
orescent proteins have quite similar fluorescent properties. Later, mEosFPthermo
is used for photoactivation localization microscopy (PALM), where there photoac-
tivation is the change from green to red fluorescence conformation. The type of
mEosFP used here is derived from the original form presented by Wiedenmann and
colleagues in 2004 [74] and has a higher thermostability.

2.2. Approaches to super-resolution microscopy

structured illumination ===localization based
wide-field === confocal method
stimulated emission depletion | 2D SIM 2D SMLM
lateral resolution \Mde-ﬁdf d ion) Confoc? 2D STED
(decon
> &
2 o
- % SIM TE
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Figure 2.6.: The schematic drawing in A shows in a qualitative way the benefits and
drawbacks of several basic concepts of fluorescence microscopy. The categorization is
based on the review article by Schermelleh et al. [320]. For most of the shown tech-
niques it is necessary to distinguish between the two and three dimensional operational
mode. In B the schemes of theoretical PSFs for different microscopy techniques are
depicted. The color coded PSFs for the widefield, the confocal and the SIM approaches
are indicating, that the achievable resolution, which is reflected by the effective PSF,
is dependent on the emission wavelength. On the other hand the later mentioned
method stimulated emission depletion (STED) depends on the laser intensity in the
STED doughnut. A higher intensity leads to a smaller theoretical PSF by depletion of
the fluorescence outside the doughnut. For SMLM methods, it depends on the local-
ization accuracy (see chapter2.3.1) and on the labeling density, which is important to
restoring the underlying structural information.

Since the experimentally discovered resolution limit by Ernst Abbe [6] (see equa-

tion2.7) today, there are a number of different methods available to exceed the
resolution limit. A first distinction can be made between wide-field and scanning
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2.2. Approaches to super-resolution microscopy

approaches. Prominent scanning approaches are reversible saturable optical flu-
orescence transitions (RESOLFT) [79], stimulated emission depletion (STED) [29,
41], airyscan [292] and instant structured illumination microscopy (iSIM) [192]. On
the other, hand several wide-field microscopy methods are available to circumvent
the diffraction limit, while pursuing different basic approaches with varying ben-
efits and drawbacks (see figure2.6 B). In SMLM the aim is to detect single non
overlapping emitter in each acquired frame, where the emitter positions are es-
timated by e.g. a two dimensional Gaussian fit. The final image, breaking the
diffraction limit, consists of all localized molecules represented by their Cartesian
coordinates. It is possible to transfer the fluorescent molecules to non-fluorescent
"off’-states via resonance energy transfer or fitting chemical condition. The first
mechanism can be related to the early approach by Rust et al.[96] and is called
stochastical optical reconstruction microscopy (STORM). Later a more universal
and direct method for conventional fluorescent probes was presented by Heilemann
et al.[115] and named dSTORM, where special chemical buffer conditions are ex-
ploited, which is mentioned in section2.1.5. A different approach is based on the
subsequent activation or photoconversion of single fluorescent organic molecules or
fluorescent proteins. Therefore, this method is called photoactivated localization
microscopy (PALM) [86, 88]. These techniques require a large number of images
to localize a sufficient amount of fluorescent molecules to reconstruct the underly-
ing structure. The stochastical optical fluctuation imaging (SOFI) [129] deals with
the autocorrelation function of each detector pixel. A comparable method utilizes
radial fluctuations to achieve super-resolution images (SRRF) [235].

In addition to the various imaging modalities, the type of fluorescence labeling
also plays an important role. Therefore, beside the technical, optical and computa-
tional developments there has to be an ongoing improvement of fluorescent probes.
Depending on the imaging method different properties of the label can be favorable.
The fluctuating emission scheme on different time scales of Qdots is favorable for
methods like SOFI. But the application to SMLM methods is more challenging be-
cause the fluctuating emission is difficult to control [233, 247] and exhibits a spectral
blue shift with time [153, 228]. As long as the labeling density is high enough and
the blinking occurs on time scales shorter than the exposure time of the detector,
they are a useful label for wide-field structured illumination microscopy (SIM)[46,
78, 113]. Regardless the brightness, photostability and for certain extend control-
lability of Qdots blinking behaviour, one of the mayor disadvantages is the size and
the complex surface chemistry complicates the usability [124]. The label has to be
functionalized and later transported to its final destination.

Recently, attempts have been made to set a benchmark for super-resolution mi-
croscopy by developing a cell line with modified nuclear pore complexes (nucleo-
porin Nup96). This protein in the nuclear pore complex is altered in such a way
that different specific tags [68, 121] can bind to it or fluorescent proteins are fused
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to it. Therefore, it is possible to use these samples as a versatile reference for quan-
titative super-resolution microscopy [322], since the label efficiency and microscope
calibrations can be checked due to the characteristic eightfold symmetry and the
height of 49.3 nm [206] between the two rings.

Due to the high relevance in the field of super-resolution microscopy STED and
the more advanced MINFLUX [257] method will be described briefly. The later
methods for the investigation of polymer particles and biological samples are mainly
SMLM methods. To support the results of core-shell microgels, a second super-
resolution method is used with structured illumination microscopy (SIM).

2.2.1. Stimulated Emission Depletion

In STED microscopy, the sample is scanned with two laser beams that differ in
shape or intensity distribution and wavelength. The first beam excites the flu-
orophores in a diffraction-limited volume, which in combination with a pinhole
would be a standard confocal microscope. For the stimulated emission depletion,
a phase mask is introduced into the second laser beam to create an optical vortex.
Consecutively after the excitation, the second beam will deplete the fluorescence
with the formed vortex. This second beam is therefore termed as STED-beam.
In total, fluorescence remains from an area well below the diffraction limit. The
same mechanism can also be used with photoswitchable or photoconvertable fluo-
rophores. With respect to the diffraction limited found by Abbe the resolution for
STED the reachable resolution d can be termed in a similar manner.

PO S (2.15)

2NA/1+ 7

The known formula is extended by the factor 1

—, where [ is the maximal

Isat

focal intensity applied in the STED beam and I, the intensity, which is necessary
to achieve a halved fluorescence emission probability [114]. From equation 2.15 it
is possible to see, that the achievable resolution is in theory unlimited because the
STED-beam can be narrowed down with increasing laser intensity I. The investi-
gation of living cells is of particular interest for the life sciences. So it is necessary
to find the trade-off between resolution and life cell compatibility. Recent studies
showed an increased cell mortality after 24 h following STED microscopy [284].
The next evolution step was to combine properties from localization methods
with the doughnut shaped beam. To extract the fluorophores position the doughnut
beam has to be placed at four equally spaced locations. From the ideal model
with the fluorescent molecule in the middle of the STED beam no fluorescence
should occur at this middle position. Therefore, the absence of fluorescence signal
leads to a high resolution. By narrowing the STED doughnut in theory unlimited
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Figure 2.7.: The upper row shows the real space representation of filament-like struc-
tures (A) under a structured illumination with a sinusoidal intensity distribution (B).
The resulting image is the product of observed structure and the structured illumina-
tion (C). An image taken by a microscope has to be convolved with the microscopes
specific PSF resulting in D. The corresponding Fourier transformations are displayed
in the bottom row. The sinusoidal intensity pattern is schematically shown with the
three dots representing the delta peaks (E) in the frequency domain. In Fourier space,
the emission is a convolution with the three delta peaks which can be seen in G. Due
to the limited passband only a fraction of all frequencies can pass the optical system
(H). Adapted from [265].

resolution is achievable, due to the fact that there is no fluorescence emission from
the fluorescent molecule. Therefore, this technique is named MINFLUX [257] after
the minimal photon flux, which is used for a precise localization. In the latest
development a dual color 3D MINFLUX setup was presented where nuclear pore
complexes (NUP96) and synaptic protein organization was investigated [307].

2.2.2. Structured lllumination Microscopy

There are several methods that can be called structured illumination microscopy
(SIM). The brief description covers the proposed SIM method by Mats Gustafs-
son [46] and Rainer Heintzmann [39]. This method exploits an excitation of the
underlying structure with a fine spaced pattern near the diffraction limit. It can
be visualized similar to the Moiré-effect that can be seen in daily life, e.g. striped
shirts or a micromesh. The interference pattern inside the sample can be gener-
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ated with different devices, like optical gratings, spatial light modulators or digital
mirror devices. Each device is capable of generating different diffraction orders
and introduce the phase shift, which is necessary for SIM. For 2-beam SIM only
the beams of the first diffraction order interfere at the objective lens focal plane
and generate a sinusoidal intensity pattern. To get a super-resolved image out of
this effect, it is necessary to capture images with at least three different angles
and three phases. In total only nine images are required for a super-resolved 2D
image which enables a resolution improvement up to a factor of approximately two.
To generate a 3D-SIM image with axial resolution improvement, the interference
pattern creation is more difficult and involves the zero diffraction order, which is
blocked in the 2D case. In comparison to the sinusoidal stripe pattern for 2D, the
3D pattern looks like a lattice. The sample has to be moved through the illumina-
tion pattern and in comparison to the 2D case three different angles with each five
phases have to be acquired. With knowledge of the illumination pattern and the
captured image it is possible to compute the underlying image by solving a linear
system of equations corresponding to a beat frequency [113, 242]. This procedure
can improve the resolution by about two in both the lateral and axial direction. In
the following, a more qualitative description of the resolution in 2D linear SIM is
given.

For a better understanding of the image formation in SIM it is beneficial to
consider the image formation in the Fourier space. By Fourier analysis an image
can be decomposed into its sum of waves, which includes a measure of feature size
by the spatial frequency, intensity, phase and direction.The complete decomposition

is known as image spectrum .J (E)

In figure 2.7 the top row shows the real space image of some filament like struc-
tures. A represents the ground truth with a certain fluorescence density S(z) of
this structure. The product of the structure and the illumination pattern with
sinusoidal intensity distribution I(x) (figure 2.7 B) results in figure 2.7 C with the
emission E(z). In the last subfigure D the limitation of spatial frequencies in a
microscope is realized with a Gaussian blur of the emission image to estimate the
convolution of the microscopes PSF with the original image. The bottom row
of figure 2.7 represents the frequency domain of the real space images, where the
Fourier transform of the structure, the illumination pattern and the emission is
denoted with ~. Image F is displayed in a schematic way, because the stripe pat-
tern will result in three delta speaks at the frequencies k = {—kmaz, 0, kmaz }- In
Fourier space the multiplication is a convolution operation, therefore, the calculated
frequency spectrum is convolved with the delta peaks resulting in two additional
shifted copies of the original spectrum (see figure 2.7 G). The shifted copies in the
Fourier space are leading to the resolution improvement in SIM. Frequency com-
ponents outside of the optical transfer function (OTF) support are shifted into the
microscopes passband. The trick is, that due to the multiplication with OTF, not
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2.3. Single Molecule Localization Microscopy

transferred frequencies are accessible for the microscope. This has to be done via
SIM reconstruction.

The main aim is therefore to recalculate the overlapping components and put
them in the right position in Fourier space. To achieve the correct recalculation
it is necessary to gain more information. With this extra information the overde-
termined linear system can be solved. For this reason it is necessary to change
the phase of illumination pattern at least three times. With shifting the phase in
a single direction, the resolution is only enhanced in this specific direction. For
an isotropic resolution enhancement at least three different angles are needed. In
total nine images are necessary to, solve the linear system and gain an isotropic
resolution enhancement.

In comparison to STED microscopy this method is considered as a good choice for
live cell applications due to the lower light dose needed for this kind of microscopy
method. In other words an efficient use of the photon budget [265] enables a more
gentle and longer observation time of e.g. movements of specific compartments
within the cell. The possibilities to acquire images beyond the diffraction limit
makes this method a promising candidate for investigations in structural analysis
of chromatin in mammalian cells [125] or to visualize the structure of human cen-
trosomes in mitosis or interphase [174]. But the main advantage of this method is
the combination of imaging beyond the diffraction limit paired with a decent time
resolution. In comparison to the mentioned early applications, where the studies
were done on fixed samples, Chagin and co-workes used the temporal resolution
to visualize the replication foci in mammalian cells [231] or dynamics between the
endoplasmatic reticulum (ER) and mitochondrion or the growth and shrinkage of
microtubules [280] were investigated.

2.3. Single Molecule Localization Microscopy

In single molecule localization microscopy (SMLM) the capability of detecting single
fluorescent emitters is used to bypass the optical diffraction limit. Therefore, this
method utilizes photochemistry and photophysics (compare chapter2.1.5) to keep
most of the fluorescent emitter in the so-called "off-state” where no fluorescent
emission occurs. Thus, only a small fraction of molecules are subsequently in the
fluorescent "on-state” and can be recorded and afterwards localized. Typically, the
localization process is done by a software package which uses knowledge of the
PSF's shape and size. Often, the position of a single emitter can be determined by
a single 2D Gaussian of the form

G = Aexp (- <(x ;U‘ZC)Q Ll ;UZC)Q» +B (2.16)

Y
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Figure 2.8.: A to D demonstrates the principle of single molecule localization mi-
croscopy. It is important to have distinguishable emitters captured in a single frame
(A) for a subsequent fitting of the position via e.g. a two-dimensional Gaussian distri-
bution. A typical intensity distribution is shown in B. All molecules are afterwards listed
in a table C, from where a post-processing and the final rendering (D) is performed.
In D (scale bar 2um) a standard sample of a fixed U20S cell with a primary-secondary
antibody labeled with Alexa Fluor 647 as fluorescent molecule is presented. The target
structure of the primary antibody was in this case microtubules,which is than fluores-
cent labeled by the secondary antibody. To achieve a super-resolved image such as the
one in D, up to one hundred thousand images and even more single emitters have to
be identified and fitted.

with A the amplitude, . and y. the estimated molecule center coordinates, o, and
oy the standard deviation of the Gaussian in lateral directions and the offset B.

A variety of software packages are freely available for SMLM and recently an
update of the SMLM software challenge was published in Nature Methods [223,
318]. In this publication the software packages are compared under different image
conditions like two-dimensional and three-dimensional reconstruction based on dif-
ferent image modalities. In general the quality of an super-resolved image depends
on different factors [309], which are listed in the following as a typical process for
generating a super-resolved image based on SMLM:

e Use of correct coverslips. High precision coverslips with a smaller tolerance al-
low a more reliable and reproducible reconstruction, especially for 3D SMLM.
The most objective lenses are optimized for # 1.5 coverslips.

e Choosing the right sample for the application. Scattering media is a major
problem in image degradation. Therefore, it is advantageous to have flat and
large cells with the structure of interest close to the coverslip surface.

e Proper sample preparation plays an important role in maintaining the nanos-

26



2.3. Single Molecule Localization Microscopy

tructure and can introduce imaging artifacts [226, 237, 289].

The labeling is of great importance for a good SMLM image. Therefore, the
Nyquist-sampling criterion has to be applied to the structure to resolve the
underlying structure. Thus, a sufficient dense labeled structure is necessary
(compare chapter 2.1.4).

State-of-the-art hardware is an important tool for achieving the best possible
results. Different laser sources allow multi-color measurements, but must
provide sufficient output power to push most of the fluorescent labels in a
long lived off-state. A laser source with 405nm or smaller wavelength is
useful for returning molecules back to the fluorescent state or photoactive or -
convert fluorescent proteins. To collect most of the fluorescent light a high NA
objective lens should be used which also allows TIRF imaging. For splitting
the excitation light from the fluorescence signal dichroic mirrors with a very
flat surface are useful to introduce low wavefront distortions, resulting in low
image aberrations. The detector should have a high quantum efficiency over a
broad spectrum and low noise to get a high localization precision. Therefore,
the projected pixel size should be in the range or smaller than one standard
deviation of the PSF [57]

Creation of a working buffer environment to keep a sufficient number of fluo-
rophores in the off-state. Preferred conditions may vary on the used organic
dye. Therefore, it is necessary to find a compromise in multi-color imaging
that fulfills the conditions for multiple fluorescent dyes (see chapter2.1.5).

Different software packages are available for the localization step. The most
suitable software can be chosen based on the imaging condition. The con-
ditions to distinguish are the low density and the high density case. Ad-
ditionally the method for gaining the three dimensional information might
lead to differences. Therefore, depending on the imaging conditions the right
software package has to be chosen.

After receiving the localization table, many options are available for post-
processing. The first step usually done is drift correction, which can be carried
out by cross-correlation of binned super-resolved images or tracking of fiducial
marker. The subsequent filter steps are normally dependent on the total
number of detected photons and according to equation 2.18 the localization
precision. In addition, filter options regarding the fitting parameters are
available like the PSFs standard deviation denoted by o.

Image analysis can be done in several ways. For some applications, such
as the representation of protein cluster or for visualization of receptors, a

27



2. Theoretical background

spatial clusters analysis is of main interest, but there are different implemen-
tations and approaches [239, 245] to implement the commonly used algorithm
DBSCAN [32]. Beside the cluster size the achievable resolution is also of inter-
est. A widely used approach to measure resolution ,based on a more reliable
method in SMLM, is Fourier Ring Correlation (FRC) [181, 187]. An other
widely used method to estimate the resolution is based on the full width at
half maximum of filament-like structures or looking for a drop in localiza-
tion number between two structures. The last point could be related to the
resolution definition by Sparrow [7].

A general workflow, with less details, for creating a super-resolved image is depicted
in figure2.8. The aim of creating a frame with a sparse emitter density can be
achieved through different mechanisms. Depending on the application, fluorescent
proteins or organic dyes are the choice to get a transition between the different
fluorescent states.

2.3.1. Precise and accurate localization of single emitters in
SMLM

First, it is necessary to define the differences between precision and accuracy of
a localization. For SMLM, accuracy describes the deviation of the mean value of
the measured coordinates from the actual position of the localized emitter. Since
the actual position of the emitter is usually unknown, it is difficult to measure
the localization accuracy. Therefore, it is more convenient to use the localization
precision that describes the distribution of localizations around the estimated mean
position 7, calculated from the contributing localizations x, ;. As an example for
the one-dimensional case, the localization precision can be calculated from the
standard deviation Az of the mean position T,. The localization for the other
lateral dimension can be calculated in the same way.

n

1 __
Az =, |- > (wpi — 1) (2.17)
i=1

An estimation based on the photon statistics, which follows a Poisson distribution,
was first done by Thompson et al. [57] in 2002. With an unlimited photon budget it
is possible to achieve an arbitrary precise localization of a single emitter. But with
fluorescent proteins and organic fluorescent dyes only a limited number of photons
(N) is available. Additionally, the emitter signal is altered by noise originating
from the fluorescent emitters themselves and the detector. For the photon shot
noise limited case the localization precision, in one dimension, can be given by

Az > % (2.18)
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2.3. Single Molecule Localization Microscopy

where o is the standard deviation of the PSF, approximated by a Gaussian distribu-
tion, and N the number of collected photons. It is necessary to take the background
noise b also into account, generated by read out noise and dark current noise of the
detector, as well as the out-of-focus fluorescence. In addition, the pixel size of the
detector and the back-projected pixel size a of the camera also contributes to the
achievable precision. Overall, the precision is given by

2
_ |o+ 15 8motb?
Ax—\/ AL (2.19)

Later in 2010, this equation was redefined by Mortensen et al.[145] to add the
specific excess noise of electron multiplying CCD (EMCCD) cameras (k = 2) to
the model. For other cameras the factor k£ equals one.

o2+ 2 (16 8 (02 + ﬁ) b2
Axr = — 12 =2, 0 AT 12 7 2.9
T k N ( 9 + NaZ (2.20)

The localization precision estimation based on the photon statistics is implemented
in the here mainly used ThunderSTORM [197] plugin and will give the localiza-
tion precision in the final localization table for rendering the reconstructed super-
resolved image. In addition to filter purposes, localization precision can be used to
render single localizations with a normalized Gaussian distribution, to account for
the uncertainty. The localization precision and accuracy can be altered by addi-
tional effects like optical aberrations [291], detector inhomogenities [185, 270] and
the dipole characteristics of a fluorescent emitter [151, 193]. A general review about
precisely and accurate localization is given by Deschout et al. [194].

In SMLM it is common for a single emitter to be fluorescent for more than a
single frame. This events can be used to estimate the localization precision by using
a nearest neighbor analysis of adjacent frames of the same molecule [196]. In case
of no occurring aberrations the true distance between multiple localizations of the
same emitter should be equal to zero. Due to the previously mentioned aberrations
and noise sources the single molecule distribution with repeated localization can
be expressed by

|Xk7 — Xl| *\xk*xl@
PWDD(|xx — x;|) = ————5-€ 4a=? | 2.21
(Jxx — i) STINE (2.21)
where |x; — x;| is the distance of two following localizations k and [ of the same
molecule with x the lateral coordinate of the pair-wise displacement distribution
(PWDD). With this approach an improved statistics is achieved by evaluating
the distances between all possible distances coming up with a statistic containing
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Nioc—

n =, ' data points, where n;,. is the total number of localizations. By
fitting the PWDD with Az as an optimization parameter, it is possible to achieve
the localization precision. In contrast to the localization precision calculation based
on the standard deviation for a single molecule (see equation 2.17), the localization
precision can be estimated from the base of many molecules. The distribution is
altered by the fact that each individual localization will have a different nearest
neighbor for the first and the last frame, which makes it necessary to correct for
this fact.

- —lxp—x12
PWDD(|xk - Xl‘)corr :Al m@ 4(235)21
i
1 —(xp—x]—zc)?
+Ag——e 202
V27mw?
+A3|Xk — Xl‘ (222)

The first correction term considers localizations from a different fluorescent molecule
within a diffraction limited area, following a Gaussian distribution, and the second
term for false nearest neighbor calculation on longer spatial distances. For fitting
the right distribution the additional free fitting parameters of the amplitudes A;
to A3 and the Gaussian standard deviation w centered over x. are introduced.

2.3.2. Methods for resolution estimation in SMLM

The limited Rayleigh resolution shown in chapter 2.1.4 is not applicable for super-
resolution techniques. Therefore, it is necessary to find other more suitable ap-
proaches to define the resolution in super-resolution fluorescence microscopy, in
particular in SMLM. A very easy and frequently used method is the Sparrow reso-
lution definition [7], which states that two lines with equal intensities can be resolved
in the case that the center between the lines shows a local minimum. If this is the
case, the resolution is equal to the distance of the two lines. But only a few samples
are showing line-like structures. Another easy-to-use approach is to use a line pro-
file orthogonal to the structure of interest used by Helge Ewers and co-workers in
the investigation of DNA intercalating dyes[159], amyloid fibrils [189] and nuclear
pore proteins [204]. Due to the possibility to account for the localization precision
Az via a Gaussian rendering, the resolution can also be acquired and estimated by
the FWHM of the structure. Thus, the resolution can be calculated directly from
the localization precision.

FWHM = 2v/2In2Az (2.23)

A major disadvantage of this method is that the localization density is not consid-
ered and the estimated resolution is only valid for this small region of interest. In
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order to take into account the labeling density and thus, the Nyquist criterion, more
sophisticated calculations have to be done. The research group of Eric Betzig [236]
expressed the overall resolution (OR), which can approximated by the FWHM of
a structure, as shown before, and the necessary density of molecules to sample the
underlying structure. The resulting expression for the OR is

OR = ,| (FWHM)2 + <<T2 >D> : (2.24)

min

in which the last part accounts for the molecular density of the fluorescent label p.
Here it is assumed that each molecule is localized once. Depending on the dimension
of the data D takes the value one to three and T,;, is the shortest spatial distance
to resolve. Even more sophisticated and qualitative methods to estimate the reso-
lution in fluorescence microscopy are the Fourier ring correlation (FRC)[181, 187]
and a recently published method for decorrelation analysis, that has the advan-
tage to work without additional parameter [304]. The idea of FRC is to compare
two independent images of the same structure. Therefore, the independent images
are compared based on consistent spatial frequencies between the two images. In
SMLM it is possible to generate two independent images from the same data set
for example by dividing the localizations in acquired at even and odd frames with
rendering the two data sets subsequently to achieve the images f1(7) and fo(7) for
the FRC. With other super-resolution fluorescence microscopy methods it is neces-
sary to collect the same image twice, with the disadvantage that photobleaching or
movement of the sample, e.g. imaging of living cells, occurs. Consequence would
be a reduced resolution calculated by the FRC. With the subsequent Fourier trans-
form of the images f1 (¢) and f2 (¢) and the correlation of pixels corresponding to
rings in the Fourier domain with identical spatial frequencies the FRC is calculated.
q = |q] corresponds to the magnitude of the wave vector ¢ and the FRC results in

Z q€Ecircle fl (q_jf2 (57*
e @S g B @F

For low spatial frequencies the correlation gives a value close to unity and decreases
to zero at high spatial frequencies where the noise dominates the image and does
not show a correlation. A fixed correlation threshold of % for the resolution limit
can be taken from cryo-scanning electron microscopy. A different approach by
Banterle et al. [181] is the calculation of a 20 curve defined as

Fao (R) = fv*/fR) (2.26)

FRC(q) (2.25)
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where the resolution limit is defined as the point where the calculated FRC crosses
the 20 curve. Here is IV, the number of pixel within a given ring with constant
spatial frequencies. A recent method for resolution estimation is published by De-
scloux et al. [304]. The advantage over FRC is the dependence on a single image,
which makes it suitable for methods which rely on correlation of subsequent image
to form a super-resolved image, e.g. (SOFI) or estimation of resolution with living
samples, where temporal resolution is important. But both methods have in com-
mon that they operate in Fourier space. The first step is to suppress high frequency
artifacts by an edge apodization. Afterwards a normalized Fourier transform f,(q)
of the image is calculated by

~

futq) = L9 (2.27)
£ (@)

The input image f(q’) and the normalized version fn(q") are cross-correlated in
Fourier space by a Pearson correlation. The Pearson correlation is a measure for a
linear correlation between two variables and has a value between -1 and 1, where
-1 is a total negative linear correlation and 1 a total positive correlation, wheres no
linear correlation is observed for 0. However, this does not mean that there is no
correlation. In a second step the Pearson correlation is repeated, but in addition to
the normalization, the image is low pass filtered by a circular Fourier mask M (k;r)
with a radius r € [0,1]. By repeating the correlation calculation between the
input image and the normalized and low pass filtered image, the cross-correlation
coefficients d(r) are computed.

i) = S B @F @M r)}dasdg,

) \/ J (@) Pdauday [ F2(@)M(:r)[?dg.da,

The idea behind this method is that high frequencies are dominated by white noise
and by cutting off those high frequencies with a mask with r < 1, the noise is
gradually removed and the signal preserved. Under the assumption of an image
containing only noise, the correlation decreases linearly as a function of the radius
r. For an image with a signal, the cross-correlation coefficients will have a local
maximum with an amplitude Ag. This can be interpreted as the spatial frequency at
which the best noise suppression and best signal preservation are obtained. Beyond
the local maximum with further reduction of the mask radius signal is rejected until
it drops to zero for » = 0. The cut-off frequency g, of the image can be calculated
from a family of curves after high pass filtering (from weak to strong filtering via

(2.28)

a Gaussian filter) of the input image f. Each filtering step, in total Ng steps, will
give a pair ([r;, A;]) of the peak position r; and the corresponding amplitude A;.
The estimate for the cut-off frequency ¢, is than

Qe = Max[ro, ..., "Ng|- (2.29)
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The resolution is afterwards calculated over
2 - Pixel size
qe '

Resolution = (2.30)

Compared to FRC, in which the resolution is estimated by a threshold value, the
decorrelation method thus estimates the highest frequency transmitted by the sys-
tem via the local maximum of the decorrelation function.

2.3.3. 3D single molecule localization microscopy

In addition to the possibility to precisely localize molecules in lateral dimensions,
there are ways to extend SMLM to the axial dimension. This can be achieved with
different methods. First, two methods are briefly mentioned, which are working
without modifications on the recorded PSF. In a publication by Franke et al. [263]
the axial position is estimated based on a photometric method, more precisely
a temporal and radial-aperture-based intensity estimation (TRABI). They claim
that with this approach it is possible to recalculate a precise axial position based
on the counted photons in different positions of the emission pattern of a single
molecule. This method allows to convert existing two-dimensional single molecule
localization data into a three-dimensional data set. Another approach is the use
of two cameras [123, 275] or dividing of a camera chip [119] in two parts acquiring
the signal of the same emitter from two different focal planes. This approach can
be easily extended to multi-color imaging by spectral demixing [227].

The other group of methods uses optical elements to engineer a PSF where the
axial position is encoded in the shape and the position. In SMLM an encoding can
be achieved by inserting a cylindrical lens to introduce astigmatism to the PSF [117]
or create a so called double helix PSF by inserting a phase mask, which can also
be realized with a reflective phase-only spatial light modulator(SLM) placed in the
Fourier plane[136]. The double helix PSF has the axial position encoded in the
angle between the horizontal and connection line between the two lobes created by
a phase mask. Therefore, the molecule is localized between the two lobes.

Recently, adaptive optics has become more and more important for super-resolu-
tion fluorescence microscopy. The whole topic deals with the possibility to correct
a deformed wavefront [12, 208, 266] described by Zernike polynomials of different
order. This can be achieved e.g. with a deformable mirror [59]. In addition to
wavefront correction, it is also possible to use Zernike polynomials to engineer a PSF
for 3D SMLM [274]. The main advantage over PSF shaping with a cylindrical lens
is the higher axial range [224] in which the generated pattern can be detected due
to the higher intensity at certain points of the PSF compared to an astigmatically
shaped PSF. However, the astigmatism introduced through a cylindrical lens has
the advantage of simplicity of implementation in a 2D SMLM microscope. This
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method is used to generate three-dimensional localizations of individual molecules
in this thesis.

An example for a calibration with an astigmatic PSF is shown in figure2.9 A
and B. This calibration is integrated into the fitting procedure, where tubulin is
reconstructed and the generated height information is color coded (see figure 2.9 C).
For 3D data the so called Fourier shell correlation can be applied to calculate an
estimate for the achieved resolution in 3D. Unfortunately, there is currently no
easy-to-use software implementation, e.g. for ImageJ, available. Therefore, the
FRC is used to get an estimate for the lateral resolution, in this case 32.4nm
(figure2.9D). The 2D Gaussian fit described above (see equation2.16) must be
slightly modified to take into account the introduced astigmatism while defocusing.
The standard deviations of the two Gaussians in lateral direction (o, and o) are
replaced by the width w of the PSF in the two lateral directions indicated by
the indices x and y. To readout the axial information from the width of the
PSF, a previous calibration step is required (see figure 2.9 A). This step is typically
performed with fluorescent beads with a size below the diffraction limit, whilst the
focus is mechanically moved through the sample by a piezo stage. Knowing the
step width between the individual images, the width w of the PSF can be expressed
by a function depending on the axial position z[117].

ww,y(z)zwo\/l—k(Z;C)2+A<Z;C)3+B<Z;C)4 (2.31)

Here, wg is the PSF width at the focal plane, ¢ is an offset for the width in the
lateral directions, d is the focal depth of the microscope and A and B are coeflicients
to correct for aberrations of the optical system. To determine the focal plane, the
width of the PSF in both directions is plotted against the axial position. In focus
of the objective lens the PSF will appear symmetric, which is indicated by the
intersection. To determine the z-position of a single emitter during the localization
process, the distance D between the calibration curves PSF width and the measured
one is minimized.

2 2
b= \/(wiﬂ - wi,/falib) + (wzl/2 - w;,/falib) (2.32)

An example for a calibration is shown in figure2.9B. The generated calibration
curve according to equation 2.31, where black is the width of the PSF along the x-
direction and orange along the y-direction, shows the limitation of this method. It
can be seen that the calibration becomes inaccurate at distances further away from
the focal plane due to the lower signal-to-background ratio and possible aberrations
in the optical detection path.

Therefore, more sophisticated algorithms are necessary to account, in a better
way, for aberrations in the optical system. In addition to the widely used Im-
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Figure 2.9.: From A to D the additional steps typical for a 3D SMLM image are
shown. Adding a cylindrical lens introduces astigmatism in the detection path. The
height information is therefore encoded in the PSFs shape during defocusing (A, scale
bar 500 nm). The image stack must be evaluated based on a defocusing algorithm
in which the two parabolic curves intersect at the height of 0nm (B). In addition to
the lateral localization the molecule can be localized with respect to the focus of the
objective lens. A reconstructed 3D SMLM image of tubulin is shown in C (scale bar
2 pum). The lateral resolution via FRC gives an estimation of 32.4nm (D.)
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ageJ[173] plugin ThunderSTORM [197] and a modified version [286], a different ap-
proach by Jonas Ries is available. This method works without an underlying model,
like the defocus algorithm. Instead an integrated cspline 3D fit algorithm [285] is
used. Spline functions are piecewise polynomials with the property to be continuous
at the connection points. Here the ”c¢” in cspline stands for cubic and determines the
degree of the polynomial. The number of calculated coefficients Nt for the spline
depends on the degree d, and the dimension dim, where the number of coefficients
is defined as Neoet = (d + l)dim. Therefore, the cspline requires 64 coeflicients for
each voxel of the acquired data set. According to Babock et al. [256] a voxel i, j, k

is described as

3 3 3 m n p
T —x; Y=y z—z
fi7j7k(1'7ya Z) = Z Z Zai,j,k,m,n,p < Az ) < ij> < Az k) . (233)

m=0n=0 p=0

Here, Az and Ay are the projected pixel size of the microscope and Az is step size
of the focal shift during the calibration. As mentioned, the calibration is done with
fluorescent beads. The parameters x;, y; and 2 are the start positions of the voxel
respectively the lateral and axial directions. Afterwards the cspline calculation
is performed with the averaged image stack of fluorescent beads. This method
can also handle the above described axial position estimation via the Gaussian fit
along both lateral directions (see equation 2.31), but the model is estimated by a
polynomial approximation.

2.4. Microgels: polymer based colloids with smart
properties

A special and widespread topic in natural science is the family of condensed soft
matter. The common property of soft matter is the presence of a large response
function [83]. Surprisingly also a brick can be described as soft matter and beyond
that as smart material. Due to its properties, it breaks into pieces when falling
from a certain height, which would be the response to the applied force. In this
work different stimulable polymers are examined, which are called microgels, when
nanoscopic or microscopic particles are formed. It is possible to achieve macro-
scopic polymers, which are calles macrogels. A classification, which requirements
particles, which are called microgels, must fulfill, is done afterwards. Microgels
are special because they can show different characteristics from macromolecules
(DNA or proteins), colloids, especially in the collapsed state, and micellar aggre-
gates based on surfactants, showing an amphiphile behavior[271]. The variety of
properties allows a few applications and makes them promising candidates for drug
delivery [122, 306, 325], smart surface coatings [147, 251] or nanocatalysis [298]. The
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following subsection gives a brief and general introduction to the characterization
and structure of microgels.

2.4.1. What are microgels?

Macromolecules

i

Colloids Surfactants

Figure 2.10.: There is a large variety in the world of colloids. In the middle of the
triangle is the microgel, which combines the basic properties of colloids, macromolecules
and surfacants. Collapsed microgels mainly show properties of colloids, although they
still contain solvents. In contrast, microgels in the swollen state have a soft and
"fuzzy" surface with dangling hair-like polymer chains. The colloid and macromolecule
characteristics can be tuned by the amount of cross-linker used during the synthesis.
In addition, they can have surface-active properties, which is here termed surfactants.

The following definition of microgels is based on the book "Microgel Suspensions”
edited by Alberto Fernandez-Nieves, Hans Wyss, Johann Mattson and David A.
Weitz [158]. In their view, microgels are a colloidal suspension of gel particles
associated with four implicit criteria:

e particle size, typically colloidal particles, between 10 nm and 1000 nm, there-
fore the name "nanogels” would also work

e dispersed in a solvent

e swollen by the solvent
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e stable structure / network based on covalent or physical forces with the ability
to form cluster

The nature is often a good blue print for new bioinspired artificial systems [264]
or even for new algorithms [148]. So why not mimic properties from naturally oc-
curring systems of different sizes in which microgels of different size can be found?
For a full understanding of the microgels’ behavior, response and how to tune them
for specific applications, the interplay between different disciplines such as biology,
chemistry and physics is necessary. In this thesis, the morphology of stimuli respon-
sive microgels is investigated with super-resolution fluorescence microscopy, more
precise with SMLM. The established methods from colloid science to character-
ize microgels, such as photon correlation spectroscopy, scattering approaches with
neutrons [55, 73] or x-ray radiation [202], or scanning electron microscopy [269], are
in their applications limited or time consuming in preparation. As a system that
can be classified as soft matter, it reacts at least to a stimulus such as mechanical
stress, changes in the chemical environment or temperature change. This is due to
the large surface to volume fraction, microgels responding quickly to these stimuli.
Another useful property is the reversible response of the microgel for some sys-
tems [246] and the possibility to switch them to the desired conformation via the
specific stimulus.

Microgel synthesis

In the following the three typically used methods to create microgels are briefly pre-
sented. The methods will have their advantages and disadvantages. The most com-
mon approach is the formation of microgels via homogeneous nucleation, starting
with an initially homogeneous solution of vinyl monomers followed by cross-linking
the chain-like monomers. In another process, the starting point is a polymer so-
lution, which is then emulsified in small droplets and then chemically cross-linked.
The last method uses macrogels as basis, whereby the microgel is the result of
a grinding step. Drawback here is an irregular shape and size. In this thesis,
the homogeneous nucleation method is used to produce various microgel systems.
Therefore, it is necessary to distinguish between the later investigated microgels.
At first microgels synthesized from a single monomer with varying cross-linker con-
tent are investigated and a new method to estimate the microgels morphology is
introduced. This method can be extended to core-shell microgels, where the seed
particle is made of an different monomer compared to the shell, which is synthesized
around the seed particle in a second synthesis step.

In the scope of this thesis, surfactant-free precipitation polymerization is used.
For this type of synthesis, the monomer of interest and the initiator are both soluble
and form a homogeneous system at the beginning of the synthesis. During the
synthesis, the polymerized particle becomes insoluble and precipitates. The result
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Figure 2.11.: The schematic drawing shows the formation of seed particles, relevant
for growing the final microgel. In addition, the total number of seed particles can
be tuned and therefore, the final microgel size. In stepi, the initiator decays into its
radical ionic form. These molecules are accessible for the monomer and the cross-
linker in solution. Oligomers are formed by crosslinking up to a certain critical polymer
length (ii). Approaching this length the oligomer collapses and forms seed particles
with increasing surface charge density. A stabilization of the former unstable particle
is obtained by the electrostatic retraction (iii). In the last step the seed particles can
grow further by continuous polymerization or adsorption of seed particles. Therefore,
the number of seed particles is a parameter to tune the final particle size. At the final
size the microgel is fully collapsed and precipitates.

of the synthesis depends on the synthesis temperature. While the temperature is
below the lower critical solution temperature (LCST), a macroscopic polymer gel
is formed. In case that the temperature is higher than the LCST small particles
are formed by the formation of seed particles and precipitation.

Variation of the synthesis components and conditions lead to a different stimuli
response and other properties of the microgel or macrogel. Some parameters that
can be used for tuning are: the chosen solvent, the concentration of monomers,
the ratio between monomer and cross-linker agent, the temperature, the initiator
concentration or pH.

Here, the investigated microgels are made in a precipitation polymerization. The
brief description is based on the review article by Thickett et al. [108] and the thesis
by Bastian Wedel [225]. At the starting point of the synthesis the cross-linker and
the monomer are mixed together with the solvent. To initiate the reaction to
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the initiator has to be added the solution and oxygen has to be removed because
otherwise the formed radicals would react with the contained oxygen and are not
accessible to form oligomers. The required reaction temperature depends on the
initiator and the monomer because the temperature has to be higher than the LCST
of the monomer. Due to the high temperature the initiator decays into radicals
(figure2.11 i). The radicals reacting with the monomer to oligomers (figure2.11
ii). After reaching a certain chain length the oligomers become insoluble, collapse
and form aggregates, because the temperature is above the LCST (figure 2.11 iii).
Simultaneously to the growth of seed particles, the surface charge of the particle
increases up to an amount where the particle is stabilized and no further aggregation
takes place. The particle size grows further by ad- and absorption of oligomers,
seed particles and polymerization. In between the cross-linking occurs continuously
and seed particles and oligomers can be connected to each other. The end of the
polymerization is reached when all monomers are used for the microgel synthesis
or no radicals are available for a further reaction.
In general the synthesis can be divided into four phases:

Stage 1 The initiator molecule decays into radicals (figure2.11i). Subsequent
oligomers (figure 2.11ii) and seed particles (figure 2.111ii) are formed .

Stage 2 Aggregation of primary particles from seed particles.

Stage 3 Primary particles growing further by adsorption of more seed particles.
Additionally the radical polymer reaction continuous and ad- and adsorb
oligomers are cross-linked to the primary particle (figure 2.11iv).

Stage 4 End of the growing phase.

Thermoresponsive polymers

The properties of a microgel can be described hardly if one only considers the
properties of a three-dimensional polymer network or a two-dimensional polymer
chain. A single polymer chain carries out a coil-to-globule transition for the polymer
length-specific critical temperature. For a single polymer chain, the lower critical
solution (LCST) temperature describes the solubility in the solvent. For a microgel,
the term volume phase transition temperature is more conventional (VPTT), but in
general the result of local LCST behaviour. To achieve a microgel in precipitation
polymerization the synthesis is done above the LCST and the final microgel appears
in the collapsed state. The final collapse is restricted by the cross-linking points in
the network. At temperatures above the LCST water is a poor solvent and upon
decreasing temperature under the LCST the polymer gets hydrophilic and wants to
interact advantageously with the solvent. For this purpose, water is incorporated
and the polymer network swells. Due to the high length dispersion of single polymer
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chains in a microgel different parts experience a collapse and therefore a continuous
volume phase transition can be observed for microgels with a higher cross-linking
density in comparison to low cross-linked microgels with a discontinuous volume
phase transition.

2.4.2. Characterization methods for spherical polymer particles
Atomic force microscopy

This section is based on the review paper by Jalili et al. [67] and will give a brief
introduction to the method of atomic force microscopy (AFM). The principle of
AFM is the measurement of attraction and repulsion forces between a very thin
tip down to 5nm in size mounted on a flat spring. This combination of flat spring
and tip is called cantilever. By using the flat spring as a mirror for a laser, the
displacement of the laser spot, due to the deformation of the spring, according to
Hooke’s law by the forces between the tip and individual atoms, can be measured
very precisely with a position-sensitive photodiode. Different operating modes are
available, namely the contact mode, the tapping mode and the non-contact mode.

In contact mode the tip is moved over the sample and the change of the surface
height or the force between tip and surface is measured directly by the movement of
the laser spot. This mode is called the constant height mode, where the cantilevers
flat spring is deformed directly by a change in surface height. A limiting factor for
this mode is the roughness of the sample. The flat spring has only a certain working
range, which can be exceeded by too rough surfaces. The opposite way to operate
an AFM in contact mode is to set the measured force to a specific value which has
to be maintained by moving the cantilever with a piezoelement. The height change
by the piezoelement can be directly taken as a measure of the sample height. The
other extreme is to operate an AFM in non contact mode. Here, the tip is placed
very close to the surface, typically 5 to 15 nm above, to detect the weak van der
Waals forces, which can be detected in this range. To measure these forces, in the
range of about 10 to 12 pN, the cantilever oscillates with its resonance frequency or
slightly off-resonance. It is possible to measure the forces by either the amplitude,
phase or frequency of the oscillating cantilever. The advantage of the non contact
mode is the flexibility to image soft and elastic samples. Typically, these kind of
samples are deformed by the tip in contact mode.

A combination of contact and non contact mode is the tapping mode. In this
mode, the cantilever oscillates like for the non contact mode at or close to its
resonance frequency. Amplitude and frequency are kept constant as long as no
interaction with the sample or the surface occurs. During the scanning of the
surface regularly the tip touches the surface, which leads to a loss of energy and
a decrease in amplitude. When a bump approaches the tip, the space between tip
and surface becomes smaller and the ability to oscillate decreases. On the other
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hand in the case of a dip in the structure, the space to oscillate increases and
approaches the amplitude for a free oscillation. The whole system is driven by a
feedback loop of the acquired optical signal, which feeds a piezoelement to maintain
the oscillation amplitude, comparable to the constant force method in the contact
mode. So the change of the signal in the feedback loop is a function of the tip’s
lateral position.

Both the optical microscopy and the atomic force microscopy have to deal with
the problem that the generated image is convoluted. Where in optical microscopy
the convolution of a point emitter is set by the optical system in AFM the measured
topography is a convolution of the tip geometry and the sample surface.

Photon correlation spectroscopy

The following description for photon correlation spectroscopy (PCS) is based on
the chapter 10.10 Characterization of Products from the book Monodispersed par-
ticles [53] released by Elsevier. One method to measure the size of microgels in
a solvent is PCS. The scattering and diffracting microgels are moving randomly
according to Brownian motion in a solvent. Therefore, the laser beam will have
a certain frequency distribution due to the Doppler shift on the microgels in the
solvent. The frequency distribution is typically described by the half width at half
maximum (HWHM) of the peak amplitude Ag. A different representation of the
frequency distribution is the power spectrum of the scattered beam. In a power
spectrum, the amplitude is transformed into a function depending on 2|f — fol,
where fj is the initial laser frequency. The shape of the power spectrum can be
described by a Lorentz distribution. If the amplitude of the signal is measured
over a longer period of time, a fluctuating signal appears. From this time trace an
average amplitude and the relative amplitudes at time points ¢t and ¢ + 7 can be
calculated. The auto-correlation function C(¢) is defined as

C(r) = (A(0)A(r)) =limnoo% /O A(t)A(t 4 7)dt. (2.34)

Under the assumption that microgels are monodisperse, the auto-correlation C'(7)
can be simplified by

C(r) = C(0)exp(—2HWHM 7). (2.35)

Furthermore, the HWHM contains information about the hydrodynamic radius Ry
by the product of transverse diffusivity also known as the translational diffusion
coeflicient

kT
o 6mn R

- (2.36)
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expressed by the Stokes-Einstein relation and the magnitude of the scattering

vector p = 4’;\% sin %.
HWHM = Dyp? (2.37)

The Stokes-Einstein relation depends on the Boltzmann constant kg, the temper-
ature 7T, the solvents viscosity 1 and the hydrodynamic radius Rgy. On the other
hand, the scattering vector depends only on the setup parameters, initial laser
wavelength Ao, the solvents refractive index ng and the scattering angle 6.

Fluorescence correlation spectroscopy

Compared to PCS the fluorescence correlation spectroscopy (FCS) uses the fluctu-
ation of fluorescent signals in a diffraction-limited confocal volume to determine
the translational diffusion coefficient D in equation2.36. In the perspective of
this thesis, this method is used to estimate and verify the interaction of the "free”
diffusing dye molecules and the network formed by polymer in combination with a
cross-linker. To achieve a measure for the diffusion coefficient certain circumstances
have to be fulfilled. The detection and excitation volume has to be sufficient small,
the confocal volume typically is in the range of 0.1 femtoliter, and the number of
molecules within the detection volume has to be sufficient small (a single molecule
up to very few molecules) at every time point during the measurement. Due to the
limited number of molecules in the small volume an intensity fluctuation based on
the diffusion in or out of the detection volume occurs. Therefore, this fluctuating
signal can be correlated with a time-shifted replica of itself to calculate an auto-
correlation function G of the intensity I(¢) or its deviation 61(t) = I(t) — (I(t)).

Glr) = (0I(t) - OI(t+ 7)) _ (I(t)-I(t+ 7)) _q (2.38)
(I(t))* (I(t))*

Here 7 is the lag time and I(¢) is the fluorescence intensity at any time ¢. The
triangular brackets are standing for averaging over all time values of t. To calcu-
late the auto-correlation, setup parameters have to be taken in account like the
confocal volume, specified by the the radial and axial diameter of the confocal spot
(wg, wy and w;). In addition to the diffusion time 7p, the auto-correlation provides
information about the number of fluorescent molecules with in the confocal spot.

G(r) = % (1 + T;) B (1 + (%)2 ;) h (2.39)

The correlation consists basically of two terms, where the square root term ac-
counts for the ellipsoid shape of the confocal volume. Taking the microscopes
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parameters into account, the diffusion coefficient D can be calculated based on the
radial dimension of the confocal volume and the diffusion time 7p.

w2

D= ﬁ (2.40)

If one considers that two photons are detected at the time ¢ = 0 and the other
one after a lag time 7, it is likely that these photons have been emitted by two
different fluorescent molecules or are only background contribution. Therefore,
they have no physical correlation and together they form a background contributing
to the auto-correlation G(7) as a constant offset. The other possibility is that a
single fluorescent molecule is localized in the middle of the detection volume and
emits photons at subsequent time points. Consequently, the signal will be highly
correlated because the emitter is the same molecule. When this emitting molecule
starts to diffuse out of the volume, the correlation will decrease due to the decreased
measured intensity with time, until the molecule completely diffuses out of the
detection volume and the correlation will be zero. The decrease in correlation is
directly proportional to the diffusion speed of the molecule through the detection
volume.
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3. Super-Resolution Optical
Microscopy resolves Network
Morphology of Smart Colloidal
Microgels

Major parts of this chapter are published as a peer reviewed article.
Stephan Bergmann', Oliver Wrede!, Thomas Huser and Thomas Hellweg. Super-resolution
optical microscopy resolves network morphology of smart colloidal microgels. Physical Chem-
istry Chemical Physics 20, 5074-5083 (2018) (Tequal contribution)
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Schematically represented microgel with dye molecules within the polymer network. A
small part is fluorescent (orange) and a larger part is in the "off” state (green). By
assuming a sphere, a 3D localization density can be recalculated from the projected 2D
localization density.
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Summary

A new method to resolve the network morphology of colloidal particles in an aque-
ous environment via super-resolution microscopy is presented in this chapter. By
localization of freely diffusing fluorophores inside the particle network it is possi-
ble to resolve the three dimensional structure of one species of colloidal particles
(thermoresponsive microgels) without altering their chemical composition through
copolymerization with fluorescent monomers. The approach utilizes the interac-
tion of the fluorescent dye rhodamine 6G with the polymer network to achieve an
indirect labeling. A 3D structure can be calculated from the 2D images and it is
possible to compare the structure to previously published models for the microgel
morphology, e.g. the fuzzy sphere model. To describe the differences in the data an
extension of this model is suggested. The method enables the tailor-made fabrica-
tion of colloidal particles which are used in various applications, such as paints or
cosmetics, and are promising candidates for drug delivery, smart surface coatings,
and nanocatalysis. The precise knowledge of the particle morphology allows an un-
derstanding of the underlying structure-property relationships for various colloidal
systems.

3.1. Introduction

Smart microgels are able to respond to external stimuli like pH [69, 107, 146,
163], ionic strength [120, 141], temperature[171] or external magnetic [171, 207]
and electric fields [211] with a change in e. g. size or orientation. Therefore,
these colloidal materials are interesting for a wide variety of applications, i. e. as
smart surface coatings [251], carriers for catalysts[75, 143], or as sensors [70, 209,
219, 267, 273]. Microgels are colloidal particles with diameters in the range from
100 nm up to several microns. Internally, they are gels and up to 1 um in diameter
they are made by precipitation polymerization of a (thermo-)responsive monomer
and a cross-linker [49, 81, 199, 271]. The most widely studied system is based
on the monomer N-isopropylacrylamide (NIPAM), often cross-linked with N,N’-
methylenbisacrylamide (BIS), which shows a reversible volume phase transition at
a specific temperature (volume phase transition temperature, VPTT, 32°C ). From
an experimental point of view, mainly scattering techniques were used to study the
network structure inside the microgels [37, 38, 51, 55, 64, 71].

These experiments indicate a complex morphology for the internal structure,
which is due to the higher polymerization kinetics of BIS versus NIPAM. In a
free radical precipitation polymerization the resulting particles exhibit a rather
dense, highly cross-linked core and a less cross-linked soft shell decorated with
dangling polymer chains [55, 99, 133]. Several groups have, therefore, worked on the
determination and description of the cross-linker distribution. The so-called fuzzy-

46



3.1. Introduction

sphere model by Richtering and co-workers is a widely used empirical model [73].
Another description is based on a Matryoshka approach [141]. Recently, Boon and
Schurtenberger have published an alternative approach [259], which is based on the
Flory-Rehner theory for swelling of cross-linked polymer networks [15].

Better control of the network structure can be achieved by slowly feeding the
cross-linker to the monomer solution [80, 253]. Some of the fascinating properties
of responsive microgels, however, might arise just from this network heterogeneity.
Recently, first studies on microgels by super-resolution optical microscopy tech-
niques were published [232, 234]. In these publications, dyes which were chemically
bound to the network were employed. Here, we use an alternative approach which is
based on the use of freely diffusing dye molecules penetrating the microgel network.
The network density distribution of the microgel network can then be probed by
the localization distribution of the fluorescent probe, which we assume to be pro-
portional to the network density because the interaction between the cross-linker
and NIPAM with the dye should be similar inside the microgel network due to the
similarity in their chemical structures.

The resulting distribution of the dye molecules inside the microgels is imaged
using direct Stochastic Optical Reconstruction Microscopy (dSTORM). The models
for the network cross-linker distribution mentioned earlier are compared and a
modified fuzzy-sphere model is proposed to describe the network morphology.

3.1.1. dSTORM
Experimental setup

dSTORM measurements were performed on an inverted microscope (IX 71, Olym-
pus, Japan) using a high numerical aperture (NA) oil-immersion objective (60x
ApoN NA 1.49, Olympus, Japan, immersion oil n=1.506 Applied Precision, a GE
Healthcare Company). The rhodamine 6G (R6G) soaked microgels were excited
with the 514.5 nm laser line emitted by an argon-krypton ion laser (70C-Spectrum,
Coherent Inc., USA) running on all laser lines simultaneously and the 514.5 nm
line was selected by an acousto-optic tunable filter (AOTFnC-VIS-TN, A-A Opto
Electronic, France) and additionally filtered by a bandpass filter (ZET514/10 X,
Chroma, USA). To generate a uniform illumination of the sample, the excitation
light is focused on the back focal plane of the objective. A mirror mounted on a
translation stage is used to move the beam entering the objective lens to change the
illumination mode between widefield illumination, highly inclined and laminated
optical sheet (HILO) illumination [128], and total internal reflection (TIR) [21]. The
experiments were conducted in HILO mode to reduce background fluorescence from
free diffusing dye molecules with 2.1 kW/cm? laser intensity at the sample. The flu-
orescence signal collected by the same objective lens was transmitted by the dichroic
mirror (540DCXR, Chroma, USA) and focused by a single lens onto an EMCCD
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(Electron-Multiplying Charge Coupled Devices) camera (iXON+ DU-888E-C00-
BV, Andor Technology, Ireland) with a scale of 124 nm per pixel. Further, to sup-
press the excitation wavelength and other scattered light a long pass filter (BLP01-
532R-25, Idex Corp. (Semrock), USA) and a bandpass filter (FF01-580,/60-25-D,
Idex Corp. (Semrock), USA) were mounted directly in front of the camera. A
white light source was used to focus the microgels deposited on the coverslips. For
data acquisition the manufacturer provided software (Andor Solis, Version 4.19)
was used.

Image acquisition

For the super-resolved reconstructions of the microgels by dSTORM, 50000 frames
were recorded with an exposure time of 20ms and an EMCCD camera gain of
300, where the camera was operated at -80°C . Through photobleaching and dye
diffusion from the microgels into the medium, each observation area on the sample
can only be imaged once. In total ~ 17 min are necessary to collect the data for
quantitative density distribution measurements.

Image reconstruction

To reconstruct the captured images to a super-resolved image, the ImageJ [173]
plugin ThunderSTORM [197] was used. To reduce or suppress the localization
from freely diffusing R6G molecules the reconstructed images are post processed
with the included filters. In the first step the autocorrelation based drift correction
was applied to the data to correct for sample drift over the acquisition time. In the
second step, localizations with a higher localization uncertainty than 20 nm were
discarded.

Localization density calculation

A custom written MatLab 2016a (MathWorks, USA) script was used to calculate
the localization density within the microgels. The centers of the colloids are de-
tected by the integrated Matlab function imfindcircles where only circularly
shaped objects with a radius between 248 and 372 nm are recognized. The distance
for each localization to each microgel center is calculated and the localization is
allocated to a defined circular ring with a width of 10 nm. For the final localization
density all localizations within a ring are summed up and divided by the circular
ring area. The localization density is calculated up to a maximum radius of 400 nm
with respect to center of a single microgel. This was done with all reconstructed
microgels in the field of view. Mean value and standard error of the mean were
calculated and shown in the final figure 3.8 A.

48



3.1. Introduction

automatically selected
microgel center

Step size 10 nm

Figure 3.1.: Schematic illustration of the localization density calculation. Via the
imaging tool box the microgels are recognized and the center is determined. From
the center consecutive rings with a width of 10 nm are drawn and the localizations
within these rings are counted. For the final 2D density calculation the total number
of localizations in each ring is divided by the ring area.

3.1.2. Photon correlation spectroscopy

PCS experiments were carried out with a fixed angle setup (60 °) using a Helium-
Neon-Laser (A = 632.8 nm, Thorlabs, Newton, USA). The scattered light was de-
tected via two photomultipliers in a pseudo-cross-correlation setup and correlated
by an ALV-6010 multiple-tau correlator (ALV-GmbH, Langen, Germany). The
temperature inside the decaline matching bath was adjusted using a computer-
controlled thermostat with an equilibration time of 25 minutes per temperature.
To avoid multiple scattering, the sample concentration was kept below 0.01 wt% for
every sample. The measurements were analyzed using the CONTIN algorithm [20],
which utilizes an inverse Laplace transformation to calculate the mean relaxation
rate and therefore the diffusion coefficient.
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Figure 3.2.: Photon Correlation Spectroscopy experiments for microgels with differ-
ent cross-linker content (5.0 (blue triangles), 7.5 (yellow circles) and 10 mol% (black
squares)). In A the hydrodynamic radius is shown in dependence of the temperature
and in B the swelling ratio. The figures show the normal thermoresponsive behavior of
NIPAM based microgels, which exhibit a reversible phase transition from a swollen state
below the volume phase transition temperature (VPTT) to a collapsed state above. The
volume phase transition temperature is slightly shifted towards higher temperatures for
higher cross-linker contents.

3.1.3. Fluorescence correlation spectroscopy

FCS measurements were performed on a MicroTime 200 time-resolved confocal
fluorescence microscope (PicoQuant, Germany), equipped with a 510nm pulsed
diode laser (PicoQuant, Berlin, Germany) and a 60x water objective lens (Olym-
pus, Tokyo, Japan). Temperature control is realized with an objective lens heater
(Bioptechs, Butler, USA) in combination with a custom-built sample holder using
#1.5H precision coverslips (Paul Marienfeld GmbH & co. KG, Lauda-Kénigshofen,
Germany). The sample compartment has a size of approximately 0.5 mL with a
cylindrical shape (5.4mm height, 10 mm diameter). The dye concentration was
kept around 1 nM. The macrogel was immersed in the dye solution for 24 hours to
ensure an exchange of the network water with the dye solution.
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Figure 3.3.: FCS measurements of R6G in water (yellow circles) and in a macrogel
(black squares) containing 5.0 mol% cross-linker. The diffusion in the macrogel is
slowed down (~95 pm?/s) in contrast to the motion in pure water (414 um?/s). The
diffusion coefficient of the dyes in the macrogel is of the same order of magnitude as
the polymer network itself. Hence, a strong interaction of the dye with the network
can be assumed. However, this interaction does not lead to subdiffusive behaviour.

3.1.4. Atomic force microscopy

AFM experiments were performed on a FlexAFM (Nanosurf, Liestal, Switzerland).
All images were recorded in tapping mode with Tap300Al-G cantilevers (Budget
Sensors, Sofia, Bulgaria). The samples were prepared in the same way as those for
fluorescence microscopy, but without the dye and with a lower concentration of the
microgels (0.01 % (m/m)).

3.2. Results and discussion

The swelling characteristics of NIPAM based microgels can be tuned during syn-
thesis by using different amounts of cross-linker. Microgel particles with 5.0, 7.5
and 10.0 mol% cross-linker were synthesized and characterized via atomic force mi-
croscopy (AFM) (figure 3.4) and photon correlation spectroscopy (PCS) (figure 3.2).
PCS measurements permit to analyze the influence of the cross-linker on the
swelling behavior: while the size of the swollen microgels is very similar for the
different cross-linker contents, the collapsed state differs strongly in size (figure 3.2

A). This can be seen better, when displayed as the swelling ratio o = % (fig-
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Figure 3.4.: AFM measurements of microgels with different cross-linker content (5.0
(A and B), 7.5 (C and D) and 10 mol% (E and F)). The particles were deposited
as round objects with low polydispersity, which indicates the spherical nature of the
microgels in solution (B,D and F). Cross sections of the microgels are corresponding
to the white dotted lines in the upper row. The microgels on the glass substrate were
in the fully collapsed state, therefore information about the density distribution cannot
be gained.

ure 3.2 B). Additionally a shift in the volume phase transition temperature (VPTT)
and a broadening of the phase transition can be seen. These observations are con-
sistent with the previous results.

While the PCS experiments were performed in an aqueous suspension with low
polymer concentration, the AFM measurements were conducted in the dry state on
a glass surface. Microgels deposited onto a glass surface will not retain their lateral
size, but rather spread out due to the favorable interaction between polymer and
surface in contrast to polymer and air[308]. This leads to very flat particles with
less than one hundred nanometers in height (see figure 3.4 B,D and F). Besides the
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disadvantage of the inaccessible swollen state, it should also be noted that AFM
is a surface sensitive technique and cannot provide insight into the very complex
network morphology of a microgel particle.

In order to analyze the network morphology of microgels in a liquid environment,
free-diffusing fluorescent probes were used capable of penetrating and interacting
with the polymer network to gain information about the polymer network structure.
Due to the good solubility in water the dye rhodamine 6G (R6G) is a suitable nano-
probe. This is demonstrated by fluorescence correlation spectroscopy (FCS) [18]
measurements in a macroscopic polymer gel (macrogel) with similar cross-linker
densities (5.0 mol%), but without the complex network properties due to different
synthetic conditions. The diffusion coefficient is reduced by 75% inside the macrogel
(figure 3.3) when compared to water. Therefore, a strong interaction between the
NIPAM based polymer network and the fluorescent dye can be assumed. The result
of measuring the diffusion coefficient for R6G in a macrogel Dreg = 95um? /s is of
the same order of magnitude as the network diffusion coefficient of macrogels[33]
and microgels[56].

Hence, it is straight forward to carry out experiments where the microgels are
immersed in a concentrated R6G solution and then scrutinized in single molecule
localization measurements to determine the microgel network structure after ini-
tial preparation and washing steps (see A.1.3 Fluorescent labeling and microgel
deposition). In single molecule localization microscopy (SMLM) a large number
of images (typically several thousands) is taken in rapid succession. The addition
of a specific "imaging buffer” (containing an oxygen scavenging system and thio-
lated molecules) [160] causes R6G to undergo rapid intensity fluctuations known as
"blinking” [61]. Analysis of image sequences, where a fluorophore is initially emit-
ting from its excited (fluorescent) state in the first image and then absent in the
next image following the first one, allows one to localize the position of fluorophores
with nanometer precision [57, 96, 115].

The main advantage of using freely diffusing dyes, instead of dyes directly bound
to the polymer network, is the preservation of the original structure of the microgel
under investigation. In figure 3.5 white light transmission microscope images of NI-
PAM based microgels with 5.0 A), 7.5 D) and 10.0 G) mol% BIS are shown. In fig-
ure 3.5 B,E,H) diffraction limited fluorescence images were generated by summing
up all 50000 frames, which were acquired to perform localization measurements for
figure 3.5 (C,F,I). The information which can be gained from these diffraction lim-
ited fluorescence images is restricted to the signal intensity which corresponds to a
sample area of 124 nm per pixel. By applying SMLM to the microgels it is possible
to extract information on the subpixel level and from single emitters (figure 3.6),
which enables to determine the local dye density with high precision. Figure3.5
C,F.I) shows that it is possible to perform dSTORM reconstructions of microgels
without the direct chemical binding of dyes to the polymer network. Without any
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Figure 3.5.: Images A,D and G, are transmission light micrographs of NIPAM based
microgels synthesized with 5.0 mol% , 7.5 mol%, 10.0 mol% BIS (from left to right).
The middle row shows diffraction limited fluorescence images summed up from the
50000 single frames acquired for the dSTORM reconstruction (B,E,H). Comparison
between the white light and the fluorescence images shows that the main part of
the fluorescence signal has its origin located on the inside of the microgels. The
number of localizations is encoded in the color coded gray values of the reconstructed
images (C,F,l) by applying the red hot look up table. The number of localizations is
found to increase with growing cross-linker content during the synthesis. Image size is
15.87um x 15.87um. Scale bar 1 um.

further data analysis it can be seen by the color scale, which is corresponding to
the number of localizations, that the highest number of localizations is found in the
microgels with 10.0 mol% BIS cross-linker content. Due to the identical prepara-
tion of the microgels, it can be assumed that the higher cross-linker content during
synthesis leads to a denser polymer network which traps the R6G molecules more
efficiently on its inside, close to the very center of the microgels. By analyzing the
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Figure 3.6.: An example to demonstrate that localization microscopy is capable of
gaining a deeper insight into the microgel. Here, the diffraction limited fluorescence
image and the reconstructed image of a microgel with 5.0 mol% is shown. A line plot
(blue dashed line) through the same microgel indicates the higher information content
which can be seen in the graph. The information gain for the diffraction limited image
is limited by the number of photons collected per camera pixel. In the setup 1 pixel
matches 124 nm of the sample. Scale bar 500 nm.

data with SMLM methods (figure 3.1) it is possible to quantify the network density
of the microgels via the localization density projection (2D density).

From the localization density projection, calculated from rings with equal width
Ar, the radial localization density profiles consisting of spherical shells of the same
width can be calculated. For the calculation a matrix of volumes Vi is needed:

[N

V=t (- - w)?) (3.)

where each volume element represents a spherical shell with the outer radius r =
Rupax — Ar - i and a width w = Ar - (j 4+ 1414), from which a cylinder with a
radius of r — w and a length of r is cut. Rp.x defines the maximum radius in
the experiment. The size of the matrix is defined by the number of rings/shells
(n= RX;X ), with ¢ and j running from 0 to n — 1. The localization density of each
shell can be calculated by dividing the localizations of the ring of the projection
belonging to this shell by the respective matrix volume element. The schematic

figure 3.7 shows the conversion of the collected 2D localization density into a 3D
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Figure 3.7.: Schematic illustration of the conversion of 2D dSTORM data to 3D
density profiles. The matrix (under the 3D shells) explains the elements needed for the
calculation and their respective density. The exemplary equations show the calculation
for a microgel with 3 equally spaced dSTORM ring/shells.
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Niloc,shell (7’) _ Niloc,prOJ (7’) o Z péoc,shell(r)

(V]SI;(T’) = V5ia(r) = Vi () + js}i:l,ifl(’r)) (3.3)
For i = 0 the equation simplifies to

N}oc,shell(r) — N}oc,proj (’I”) (34)

The results of this analysis are shown in figure 3.8 where the mean localization
density projection (nm~2) (see3.1.1 Localization Density Calculation) is plotted
in figure 3.8 A) and the localization profile density is plotted in figure 3.8 B). The
results can be interpreted with different models: the homogeneous sphere (equa-
tion 3.5), the fuzzy sphere (equation3.6), a Flory-Rehner inspired (equation 3.7)
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Figure 3.8.: Rhodamine 6G filled NIPAM based microgels made of different cross-
linker content (5.0 (blue triangle) N=4873, 7.5 (yellow circle) N=2142, 10.0 mol%
BIS (black square) N=1142) during the synthesis are investigated by dSTORM. The
mean localization density with its standard error of the mean is calculated by assigning
single localizations to rings spreading out from the center of the microgel. In A the 2D
localization density is directly taken from the reconstructed images. The calculation
extending to a 3D localization density is shown in B.

and a modified fuzzy sphere model (equation 3.8).

) Ymax forx <R
V= {0 for x > R} (3:3)
y=erfe(a- (2 —Ry))-c+d (3.6)
AN
y=A4A- (1—R3> (3.7)
y=erfc(a-(x—Ry))-(z-c+d)+e (3.8)

For both, the fuzzy-sphere and the modified fuzzy-sphere model the radius of the
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3. SMLM resolves Network Morphology of Smart Colloidal Microgels

microgel’s core Rp,, and the fuzziness of the microgel surface can be calculated
by equation 3.10 and 3.9. As an estimate for the maximum size of the microgels,
the hydrodynamic radius Ry, calculated by photon correlation spectroscopy (PCS)
measurements was used. Based on the model by Stieger [73] the error function
allows determining the radius Ry, where the localization density has decreased to
half of the maximum value, which is equal to the fit parameter b. With the knowl-
edge of the hydrodynamic radius and R it is possible to calculate the decreasing
cross-linking density which is described by the factor oy, f.

Rp — Ry

TR (3.9)

Osurf =

Rpos = R% - 2O-surf . (310)

Equation 3.5 is a real space representation of the form factor for a homogeneous
sphere, which has its origin in small angle neutron scattering (SANS) and is calcu-
lated in reciprocal space by

3[sin(qR) — qR cos(qR)] ) ’
(¢R)?

where R is again the particle radius. The complementary error function (erfc)
(equation 3.6) approximates the form factor in the real space of the fuzzy sphere
model, which is an extension of the homogeneous model with a smeared particle
surface with a width of oy

Phom(q) - ( (311)

2
3[sin(qR) — qR cos(qR)] (asm,fq)2
Pinnolq) = —_ A2
The Flory-Rehner inspired model (equation 3.7) corresponds to the following form
factor:
3 2
dr (R ,8 3\ ® sin (qr)
P = | o1 = d 1
e = |7 [ 23 (10 ) (3.13

The total network density can be tuned by the cross-linker content used for the
synthesis. This is shown by the overall localization density, which is directly linked
to the number of R6G molecules embedded within the network. Microgels synthe-
sized with 10.0 mol% BIS form a denser network than microgels with 5.0 mol%
BIS. This can be explained based on the chemical reaction kinetics during the mi-
crogel synthesis. The cross-linker has a higher reaction rate than the monomer.
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Table 3.1.: Characterization of the microgels via fitting the density profiles with models
representing the homogeneous sphere, the fuzzy sphere and the Flory-Rehner-Inspired
(FRI) to the 3D localization density data of the microgels with 5.0, 7.5 and 10.0 mol%
BIS. Homogeneous Sphere: Rhom stands for the particle radius (equation 3.5). Fuzzy-
sphere: With the knowledge of the hydrodynamic radius Ry and the fuzziness ogyface,
the core radius Rpox can be calculated with equation 3.9 and equation 3.10. FRI: The
radius of the particle Rgg calculated with equation 3.7.

[BIS] Rn  Rhom IRBox Osurface HRFRI
mol% nm nm nm nm nm

5.0 326 224 139 46.75 281
7.5 331 237 1318 49.8 273
10.0 327 236 82.6 61.1 253

Therefore, more BIS is incorporated into the particle at the beginning of the mi-
crogel formation. Over time during particle growth, more and more NIPAM reacts
with the newly forming particle and the reacting cross-linker content decreases.
This leads to a so called fuzzy-sphere form factor, which can be reproduced for low
cross-linker contents. By applying the functions mentioned above, the 3D density
data results in values shown in table 3.1. From the fit results based on these mod-
els, it is possible to assume that the fuzzy sphere model is only valid for microgels
with a low cross-linker content up to 5.0 mol%. If the fuzzy-sphere model is valid
for highly cross-linked microgels, it would be expect that the core radius, here de-
picted as Rpo,y, would increase and the smeared region o,y should decrease for
microgels with nearly the same size. This behavior is not observed in the data lead-
ing to the conclusion that for microgels with higher cross-linker content different
models have to be applied. For higher cross-linker contents during the microgel
synthesis the density of the core further increases which leads to a deviation from
the fuzzy-sphere model. This deviation can be incorporated into the real-space
description by expanding the error function with a linear term (equation 3.8). The
linear dependence of the core density on the radius is only present for cross-linker
contents above 5.0 mol%. An explanation for this might be the higher concentra-
tion ratio (cross-linker to thermoresponsive monomer) during the synthesis. For
the particles containing 5.0 mol% cross-linker the low amount of BIS compensates
its higher reaction rate. By increasing the BIS concentration, the higher reaction
rate dominates the particle architecture again. Through the modification of the
real space fuzzy sphere model with a linear contribution a description of the data
for all cross-linker contents is possible. The model proposed by Schurtenberger et
al. and the homogeneous sphere model do not fit the data in any case. Attempts
to fit the 2D localization data with the recently published SoMaCoFit[234] stan-
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Table 3.2.: Characterization of the microgels via fitting of a modified fuzzy-sphere
model (equation 3.8) to the 3D localization density data of the microgels with 5.0, 7.5
and 10.0 mol% BIS. Besides the radius of the microgel’s core Rpo and the fuzziness
Osurface; Which are similar to the normal fuzzy-sphere model. The slope of the linear
decreasing core density mcoe can be fitted as well.

[BIS] Rh Rbox Osurface Meore
mol% nm nm nm nm—*

5.0 326 140 47 1.1-10°8

7.5 331 169 41 3.7-1077
10.0 327 147 45 71-1077

dalone software failed. With the available fuzzy sphere model it is not possible to
fit the measured data to achieve a 3D density plot of the microgels without a strong
regularization of the data (figure A1.3). The regularization strongly influences the
calculated 3D densities in SoMaCoFit (figures A1.1 - A1.3).

3.3. Conclusion

It was shown that in contrast to previously published results the internal parti-
cle structure can be probed by determining the number and localization of dye
molecules freely diffusing into the polymer network. Due to the interaction be-
tween the fluorescent probe and the dense polymer network, and the resulting
extended diffusion time, an indirect labeling of the particle is achieved. This allows
the investigation of chemically unaltered microgels with their specific properties
(stimuli response, swelling behavior and morphology). Knowledge of the specific
polymer distribution inside the colloidal particle is crucial to tune its properties
towards, in this case, the coexistence of desired stimuli-response and morphology.
Furthermore, this technique can be readily adapted to other solvent swollen parti-
cles, not only microgels. If the properties of the fluorophore are compatible with
dSTORM localization methods and it exhibits attractive interactions towards the
network, the density distribution inside the particle can be resolved. It should also
be noted that this method is fully compatible with previous measurements where
the polymer network was labeled directly and should allow for a better understand-
ing and correlation of network structure, its influence on swelling behavior, and the
diffusion of external molecules into the network, which could be investigated by
multi-color dSTORM measurements.
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Figure 3.9.: Different models, such as the model of a homogeneous sphere (A), the
fuzzy sphere approach in B and the Flory-Rehner inspired approach by Boon and
Schurtenberger were applied to the data (C). The fit for a homogeneous sphere is
only able to describe the inner box profile part of the localization density of the 5.0
mol% BIS containing microgels. Further, it can be seen that the fuzzy sphere model
describes the localization distribution for 5.0 mol% BIS content accurately, but cannot
describe the linear increasing localization density towards the microgels center. With
the Flory-Rehner approach the microgels appear to be up to 80 nm too small, due to
the hard cut off in this model. In the here developed new model the fuzzy sphere model

is expanded by a linear term to include the linear increasing contribution towards the
microgels’ centers (D.)
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Figure 3.10.: 2D density of microgels with 5.0 A, 7.5 B and 10.0 C mol% BIS after
regularization with A = 3.8614. In D the calculated 3D density distribution after the
regularization is shown for 5.0 (blue triangles), 7.5 (orange circles) and 10.0 (black
squares) mol% BIS. The solid red lines are showing the fuzzy sphere model fitted to
this data.
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4. Smart microgels investigated by
super-resolution fluorescence
microscopy: Influence of the
monomer structure on the particle
morphology

Major parts of this chapter are based on the prepared manuscript.

Oliver Wrede', Stephan Bergmann', Yvonne Hannappel, Thomas Hellweg and Thomas Huser.
Smart microgels investigated by super-resolution fluorescence microscopy: Influence of the
monomer structure on the particle morphology. (Tequal contribution)

Summary

In the previous chapter 3. "Super-Resolution Optical Microscopy resolves Network
Morphology of Smart Colloidal Microgels” a simple SMLM based method is in-
troduced to enable the investigation of microgels morphology with free diffusing
dyes within the network. The fluorescent molecules remain inside the microgel
network due to the favourable dye-polymer interaction. In the last preceding chap-
ter the most used and best investigated polymer N-Isopropylacrylamide (NIPAM)
cross-linked with N, N’-methylenbisacrylamide (BIS) was used. It is possible to
extend the presented method to other microgles here, three different polymers (N-
isopropylmethacrylamide (NIPMAM), N-n-propylacrylamide (NNPAM) and N-n-
Propylmethacrylamide (NNPMAM)) with 5, 7.5 and 10 mol% BIS are studied with
respect to the monomers influence on the microgels morphology.

4.1. Introduction

Microgels are spherical colloids in the size range between 100 nm and 1 gm, which
internally comprise a gel network structure. The most studied microgels are based
on N-isopropylacrylamide (NIPAM) cross-linked with N, N’-methylenbisacrylamide(BIS),
which are synthesized in a precipitation polymerization [23]. The achieved particles
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NH\/\/\H/NH\/\}\[(NHW/
o B o) c o)

Figure 4.1.: The monomers used in the syntheses of the presented particles. N-
n-propylmethacrylamide (NNPMAM, A), N-n-propylacrylamide (NNPAM, B) and N-
isopropylmethacrylamide (NIPMAM, C). The main difference between polymers synthe-
sized from these monomers are the different lower critical solution temperatures (LCST)
or volume phase transition temperatures (VPTT). These are 30°C for NNPMAM,
22°C for NNPAM and 45°C for NIPMAM.

are unique in their properties. More insights are available in a recently published
review article [310]. Depending on the synthesis conditions, they behave more like
colloids or macromolecules and can respond on external stimuli. To fine tune the
properties, different polymers are investigated and used to synthesize microgels
with unique response functions on temperature [171, 210], pH[69, 72, 107, 146,
163], electrochemical potentials [221] or ionic strength [50]. These features are use-
ful as a trigger for environment depending (temperature, pH) drug delivery [81],
sensors [134, 175, 205, 254], nanocatalysis [90, 91], smart surface coatings [251] or
insulators [321]. Therefore, different methods can be used to investigate the re-
sponse in dependence of different polymers and cross-linker densities. To gain an
insight into the microgels morphology small angle neutron or x-ray scattering is
often used [37, 38, 51, 55], but sample preparation is extensive and beam time
is limited. In recent studies super-resolution microscopy was utilized to investi-
gate the morphology of microgels and the comonomer distribution inside these
particles [234, 259, 276]. With a simple fluorescence single molecule localization
microscopy (SMLM) method it was shown in the previous chapter, that the estab-
lished NIPAM morphology could be verified and new findings about the morphology
of high cross-linked microgels could be gathered [276]. In addition to NIPAM mi-
crogels other polymers are available to synthesize thermoresponsive microgels [178,
252, 297].

4.2. Experimental section

4.2.1. Microscope setup
dSTORM setup

The single molecule localization microscopy experiments were performed using
an argon krypton ion laser source (70C-Spectrum, Coherent Inc., USA) with the
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514 nm laser line selected through an acousto-optic tunable filter (AOTF) (OTFnC-
VIS-TN, A-AOpto Electronic, France). In addition, a narrow bandpass filter
(Z514/10 X, Chroma, USA) was used to suppress transmitted light through the
AOTF. The laser light was focused on the back focal plane of a 60x TIRF ob-
jective lens (60x NA 1.49 ApoN, Olympus, Japan) mounted on a nosepiece stage
(IX2-NPS, Olympus, Japan) to minimize axial drift between sample and objective
lens and to generate an almost homogeneous illumination (Gaussian intensity dis-
tribution) across the field of view. With a mirror in front of the microscope body’s
(IX 71, Olympus, Japan) upper rear port, the illumination scheme can be changed
between total internal reflection (TIR)[21], highly inclined and laminated optical
sheet (HILO) [128] and epi-fluorescence illumination (EPI), depending on the po-
sition of the laser in the back focal plane. The first separation of the excitation
light from the fluorescence and reflection of the excitation light was achieved by a
dichroic mirror (DCXR540, Chroma, USA). Single molecule fluorescence was de-
tected by uncooled industry-grade CMOS cameras [262, 275]. In order to adapt the
cameras’ (IDS UI-3270CP Rev.2, IDS, Germany) physical pixel size of 3.45 ym to
a desired image value according to the point spread functions (PSF) standard de-
viation, which is in practice a pixel size between 100 nm/pixel and 160 nm/pixel, a
telescope (f=300 mm and {=160 mm) in the 4f configuration was included in the de-
tection path. The fluorescence signal was filtered by a combination of a long pass
filter (532nm LP Edge Basic, BLP01-532R-25, Semrock, USA) and a bandpass
filter (FF01-580/60-25-D Bandpass, Semrock, USA).

4.2.2. 3D calibration for dSTORM imaging

3D-imaging capability was achieved by adding a cylindrical lens [117]

(Thorlabs f=1000 mm, ¥1”, N-BK7 mounted planoconvex round cylinder lens, ARC
350-700) in the detection arm to introduce astigmatism to gain height information
from the shape of the PSF. A calibration step is required prior to 3D imaging.
Therefore, 18 mm x18 mm # 1.5 high precision coverslips (0107032, Paul Marien-
feld GmbH & Co.KG, Germany) were used to support 200 nm TetraSpeck beads
(T7280, ThermoFisher, USA) embedded in glycerol. The TetraSpeck microspheres
were diluted 1:50 in double distilled water and 5 ul were pipetted to the center of the
glass coverslips. Using a pipette tip, the drop was carefully distributed through-
out the coverslip to create a mixture of sparse and dense regions of TetraSpeck
beads. The coverslip was set aside for drying. A small drop of glycerol was then
placed in the center of the coverslip with the dried TetraSpecks and a coverglass is
carefully lowered at an angle from above onto the coverslip. The glycerol spreads
automatically across the coverglass. The last step is to seal the slide with nail
polish. For the 3D calibration a PIFOC (PIFOC P-721.10, PI, Germany) piezo-
electric translation stage is mounted on top of the nosepiece stage. By removing
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the connection between the objective plate and the nosepiece stage (removing the
magnetic connector between objective plate and nosepiece stage) it is possible to
move the objective lens independently, using the PIFOC or the coarse and fine
focus knobs.

Image acquisition in 10nm steps was achieved by a custom written Beanshell
script for Micro-Manager. The function signal for the closed loop driven piezo
controller (E-662.LR LVPZT Amplifier/ Position Controller, PI, Germany) was
provided by a National Instruments PCle card (NI PCle-6259, National Instru-
ments, USA). After acquisition of the calibration data the images were analyzed
with the 3D calibration feature (see figure 5.1) implemented in the ThunderSTORM
plugin [197], where the improved version by Martens et al. [286] was used.

dSTORM imaging buffer

A sparse density of molecules in the fluorescent ”on-state” was achieved by usage
of an a imaging buffer containing an enzymatic oxygen scavenger system combined
with a thiol, in this case 1 M cysteamine hydrochloride (M6500, Sigma Aldrich)
(MEA) adjusted to pH 7.4 with 25% hydrochloric acid or 1 M potassium hydroxide.
The concentration in the final buffer were 60 U/ml catalase (Sigma Aldrich) and
5U/ml glucose oxidase (Sigma Aldrich) and 100 mM MEA. A small drop, typically
20 pl imaging buffer, was added to the prepared coverslip.

Image acquisition

Due to the size of the microgels around 600 to 800 nm TIR is insufficient for imaging
of the whole microgel. Therefore, HILO was used as the illumination scheme. This
has the benefit of a high laser power density between 4 kWem ™2 and 5 kWem ™2
in the highly inclined and laminated optical sheet and the capability of suppressing
the signal from free diffusing R6G molecules within the imaging buffer. For mi-
crogels with a transition temperature below room temperature (21 °C) the sample
temperature was cooled down with an ice-pack on the metal objective plate. The
temperature was measured with a thermometer (HH506RA, OMEGA, Germany)
during the whole experiment with the thermoelement placed inside the imaging
buffer. Camera control and data acquisition was realized via Micro-Manager and a
modified device adapter by Marcel Miiller . In total 50000 images with a frequency
of 50 Hz were recorded for every data set.

Image reconstruction with ThunderSTORM

For the reconstruction in ThunderSTORM a wavelet filter with the scale of two
and the order of three was selected to find local maxima with the threshold of

Ihttps://github.com/biophotonics-bielefeld/ids-device-adapter/releases/tag/v0.11
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4.3. Results and discussion
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Figure 4.2.: Temperature depended hydrodynamic radius Ry measured with PCS for
NNPMAM (A), NNPAM (B) and NIPMAM (C).

the 1st wavelet level of the input image. The localization of single emitter was
then executed by elliptical Gaussian fits, with a fitting radius of 5 pixel and the
method of weighted least squares. Afterwards the generated localization table
is post processed by a drift correction with the in-build cross-correlation method.
Therefore, the reconstruction with a final magnification of 5 times was chosen. The
acquired 50000 images were divided into bins of 2500 frames and the resulting drift
correction was smoothed with a factor of 0.25. In order to find single microgels an
image with adjusted contrast and brightness was used to make it easier to localize
separated microgels with the imfindcircle function in Matlab. For later evaluation
the generated localization table was used.

4.2.3. Localization density calculation for morphology
estimations

The calculation method of a 2D localization density and the proximate 3D recal-
culation based on the assumption to have a spherical particle are introduced and
explained in chapter 3.1.1.

4.3. Results and discussion

Here, the morphology of NIPMAM, NNPAM and NNPMAM was investigated with
3D dSTORM, where an indirect labeling strategy was used. In this approach R6G
diffuses in the network and remains there due to the dye-polymer network interac-
tion. The most obvious difference besides the chemical structure of the monomers
(figure4.1) is the volume phase transition temperature (VPTT) of the microgels,
presented in figure 4.2, which shows the hydrodynamic radii Ry of the 9 different
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synthesized microgels as a function of temperature. The data was calculated from
PCS experiments. For microgels based on NNPMAM a VPTT of around 30°C, for
those based on NNPAM a VPTT of around 22°C and for those based on NIPMAM
a VPTT of around 45°C was observed. The different amounts of cross-linker have
only a minor influence on the position of the VPTT and the shape of the phase
transition. From the projected dSTORM images shown in figure 4.3 its possible to
see first differences in the shown intensities, which indicate the number of localiza-
tions within the microgels until the microgels are not dense enough to retain the
dye molecules inside the microgels. The microgels made of NNPMAN, NNPAM
and NIPMAM have in common that the microgels with 5 mol% BIS appear with
a bigger diameter in comparison to the higher cross-linked microgels with 7.5 and
10 mol% BIS. With the 3D capability it is possible to take a look on the xz-
projections of single microgel particles and display the microgels shape as they lie
on the coverslip. Figure 4.5 shows here clearly that the microgels with 5 mol% BIS
(compare figure 4.5 A NNPMAM, E NNPAM and I NIPMAM) tend to spread over
the coverslip, which is also described by Hoppe Alvarez et al. [308]. The intensity
distribution of a single microgel made of NNPMAM, NNPAM and NIPMAM along
the axial position can be seen in figure4.5). The tendency to retain a spherical
shape at an interface is a result of the higher cross-linked network, which does not
have the same degree of freedom to distort its shape in response to an interaction
with an interface. This was also observed in the previous chapter 3 by the AFM
measurements on collapsed NIPAM microgels with different cross-linker densities.

A general approach to characterize the deformation is possible by fitting a spher-
ical cap on the data. This gives the parameter R with the radius of the sphere,
r the radius of the sphere segment and h the height of the sphere. The volume
between the perfect sphere and the spherical cap can be used as a measure of the
deformation [308]. In case for microgels with fluorophores covalently bound to the
polymer network this approach might work, but in case of the indirect labeling it
is only possible to image microgels regions with a sufficiently dense network struc-
ture. In addition localization with a wrong height information can occur, due to
multi emitter events appearing as a single emitter with a certain PSF width and
therefore a wrong height information is the result. This false positive information
occurs especially in samples with a high emitter density.

From the calculated 3D localization distributions (figure4.4) it is possible to see
that some microgels deviate from the expected ’fuzzy-sphere’ shape. The micro-
gels based on NNPMAM and NIPMAM with a nominal cross-linker content of
5mol% show the normal ’fuzzy-sphere’ shape but with an increase in cross-linker
deviations from this shape appear. For the NNPMAM based microgels with a
cross-linker content of 7.5 mol% a shape similar to those based on NIPAM can be
observed [276]. The localization density decreases linearly from the center of the
particles towards the fuzzy outer layer which looks similar as those for microgels
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5 mol% BIS 7.5 mol% BIS 10 mol% BIS

NNPMAM

NNPAM

NIPMAM

Figure 4.3.: 2D projections of 3D dSTORM data of NNPMAM, NNPAM and NIP-
MAM cross-linked with 5, 7.5 or 10 mol% BIS. For better comparability the microgels
made of the same polymer are visualized with the same look up table. For an over-
all comparison the brightness and the contrast is set to the same values (min.70 to
max.2202). Based on the color coding a direct qualitative estimation of the localiza-
tion density can directly be done from the reconstructed images. The microgels with
5 mol% BIS appear in the 2D projections larger, compared to microgels with higher
cross-linker content. Scale bar2um.
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Figure 4.4.: The upper row represents the 2D localization density of the three different
polymers (from left to right NNPMAM (A), NNPAM (B) and NIPMAM (C) with
increasing cross-linker contents of 5 (black squares), 7.5 (yellow circles) and 10 mol%
(blue triangles) BIS. From the localization densities it is possible to derive different
properties about the interaction of the microgels with R6G. In addition the radius of
the microgel can give a hint about the stability of the microgels. As previous studies
have shown that the height of a collapsed microgel scales with the amount of cross-
linker. Microgels with lower cross-linker amount tend to lay flatter on the substrate
and therefore appear with a larger radius in the graphs. The bottom row (D) to (F)

shows the corresponding 3D density recalculation assuming that microgels are spherical
particles.

with the normal fuzzy-sphere shape. With an even higher cross-linker content (10
mol%) a localization density distribution similar to core-shell microgels[326] can
be seen. The localization density increases from the particle center until it reaches
a maximum. From there the localization density drops again similar to all other
systems, indicating a fuzzy outer layer. This is caused by the dense network in the
center of these particles, leading to less penetration of the freely diffusing dye in
case of strongly cross-linked cores. For the NIPMAM based microgels the particles
with 5 and 7.5 mol% cross-linker can still be described by the fuzzy-sphere model.
For the microgels of the same material but with a nominal cross-linker content of 10
mol% again the core-shell like structure can be seen. For the NNPAM based micro-
gels the localization density distribution for all cross-linker contents show a decline
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5 mol% BIS A 5 mol% BIS 7.5 mol% BIS|
e —

Height / pm

Figure 4.5.: For all microgels presented in figure 4.3 a xz-projection of a single microgel
is shown. For each microgel a line plot with the width of the microgel is done. The
corresponding intensity distribution against the axial position is shown in the plots D,H
and L. Scale bar 200 nm.

towards the center of the particle. Even the particles with the lowest cross-linker
density (5 mol%) show a prominent peak feature in the localization density. For
the higher cross-linked NNPAM based microgels a similar shape but with a slightly
higher maximum intensity and a steeper increase for the fuzzy outer layer. The
particles with the highest cross-linker content (10 mol%) have a shape similar to
the established fuzzy-sphere model but upon a closer look the core region is not as
constant as expected. The localization density increases slightly from the particle
center towards a maximum at around 33% and declines linearly towards the parti-
cle surface where a fuzzy layer is present as well. The peculiar lack of localizations
in the central region of some microgels can be explained by a decreasing number of
dye molecules in the particle center. This could be due to a reduction of polymer
material in this region, which is counter intuitive as a higher degree of cross-linking
should lead to more material. In a recent study [326], shown in then next chapter,
it was found that for core-shell microgels the addition of the polymer shell leads to
interpenetration of the shell material into the core network, leading to an increased
polymer density in the core region [302]. Furthermore, this interpenetration leads
to a reduction of the localization density in the same region. This decrease is
attributed to a reduced accessibility of the core region for the dye molecules. If
one now look at the microgels based on the different monomers it is possible see
a similar picture. For the lower cross-linked microgels the whole particle can be
accessed by the dye molecules. If the cross-linker amount is increased, the core-
region becomes partially impenetrable for or saturated with R6G. With a closer
look on the NNPAM based microgels the localization density distribution shows
for all cross-linker contents a decline towards the center of the particle. With this
new picture of a more heterogeneous density distribution inside the swelling curve
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for NNPAM based microgels becomes more understandable. The much sharper
volume phase transition present for NNPAM based microgels might be due to a
core-corona like density distribution inside the particles. The denser region on the
inside does not contribute much to the overall size transition and only collapses at
slightly higher temperatures as the much lower cross-linked outer regions. This is
in good agreement with recent results from measurements of the phase transition
kinetics for NNPAM based microgels which showed a two stage collapse [297].

It should be noted that the localization density for NIPMAM was only calculated
up to a radius of 400 nm. The figure A2.4 shows an example of the localization den-
sity up to 550 nm. This exceeds the hydrodynamic radius measured with PCS and
shows that the covered radius of 400 nm is sufficient to capture the microgel regions
with a sufficient dense polymer network to trap the molecules within the micro-
gel. The increasing localization density is therefore attributed to the background
of freely diffusing R6G molecules.

4.4. Conclusion

In this chapter the application of the introduced method (chapter3.1.1) to es-
timate the morphology of microgels allows new insights into microgel particles
based on different materials, e.g. N-isopropylmethacrylamide (NIPMAM), N-
n-propylacrylamide (NNPAM) and N-n-propylmethacrylamid (NNPMAM), and
with different cross-linker contents. By using super-resolution microscopy with a
non-covalently bound fluorescent dye it is possible gain insights into the particle
morphology of these thermoresponsive colloids in an state unaltered by copoly-
merisation of a suitable dye-anchor. A deviation from the established fuzzy-sphere
model for higher cross-linked microgels is found, which indicates a highly cross-
linked inner region which is no longer accessible for small molecules such as R6G.
This core-region is surrounded by a lower cross-linked outer shell which gives rise
to an apparent core-shell or core-corona like shape. Hence, the highly cross-linked
interior of such microgels can only be probed by scattering experiments. Never-
theless, SMLM reveals interesting features of the strutcure and complements e.g.
small angle neutron scattering.
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of core-shell microgels with
super-resolution fluorescence
microscopy

Major parts of this chapter are published as a peer reviewed article.

Pia Otto!, Stephan Bergmann®, Alice Sandmeyer, Maxim Dirksen, Oliver Wrede, Thomas
Hellweg and Thomas Huser. Resolving the internal morphology of core-shell microgels with
super-resolution fluorescence microscopy. Nanoscale Advances, Advance Article (2020)
(fequal contribution)

Rendered images of core-shell like microgels. The cyan color indicats the PNIPMAM
core material and magenta the shell material NNPAM. With synthesis of a thin shell
an interpenetration of the core material can be seen. With increasing thickness of the
shell a lower number of molecules is able to diffuse to the core material.

Summary

The internal morphology of smart core-shell microgels is investigated by super-
resolution fluorescence microscopy exploiting a combination of 3D single molecule
localization and structured illumination microscopy utilizing freely diffusing fluo-
rescent dyes. This approach does not require any direct chemical labeling and does
not distort the network structure of these colloidal gels. Therefore, it allows the
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study of particle morphology with very high precision. The structure of the core-
forming seed particles is drastically changed by the second synthesis step necessary
for making the shell, resulting in a core region with highly increased dye localiza-
tion density. The present work shows that super-resolution microscopy has great
potential with respect to the study of colloidal systems.

5.1. Introduction

Smart micro- and nanogels respond to an external stimulus, such as temperature or
pH, with a change in size and therefore network morphology [49, 81, 199, 310]. For
the most widely studied system based on N-isopropylacrylamide (NIPAM) cross-
linked with N, N’-methylene-biscarylamide the polymer changes from a swollen net-
work at temperatures below the so-called volume phase transition temperature
(VPTT) to a collapsed particle above the VPTT (~33°C for NIPAM based mi-
crogels in water). This property grants such microgels the label "smart” and is the
reason for the steadily growing interest in these systems[310]. Microgels can be used
for drug delivery [122, 137], in sensors [175, 205] or as surface coatings, e.g. for verte-
brate cell culture applications[203, 295]. At low temperatures the solution structure
of microgel particles can be described by the "fuzzy-sphere” model, which exhibits
a core-region with a constant density and a fuzzy shell where the density follows a
sigmoidal decay[73]. Here, a more complex nanoscale architecture of the microgel
particles is investigated: microgel particles based on N-isopropylmethacrylamide
(NIPMAM) (VPTT in water ~42°C) [252] are used as seed particles for a second
synthesis step, where N-n-proylacrylamide (NNPAM, VPTT of cross-linked ho-
mopolymer microgels in water: ~22°C) [252, 297] is polymerized in the presence of
the collapsed seed particles leading to a core-shell structure [179, 261]. A peculiar
feature of these particles is the linear dependence of the particle size on the tem-
perature. This, especially with the use of the extremely fast responding NNPAM,
makes them interesting candidates for sensors or nanoactuators. Recent studies us-
ing infrared spectroscopy and small angle neutron scattering (SANS) showed that
during this synthesis no classical core-shell structure is generated. Instead both
materials interpenetrate to a large degree[302, 323].

Recently, advances are achieved in the visualization of microgel morphology
by using super-resolution fluorescence microscopy, which circumvents the optical
diffraction limit [234, 276]. Single molecule localization based microscopy methods
such as photoactivation localization microscopy (PALM) [88], direct stochastical op-
tical reconstruction microscopy (dSTORM) [115] or point accumulation for imaging
in nanoscale topography (PAINT) [97, 230, 317] were used for this purpose. The dif-
ficulty with these techniques is the fluorescent labeling of the molecules of interest
and the control of emitter density in the fluorescent on-state. Promising tools for
the visualization of the cross-linking density are diarylethene photoswitches [288,
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290] or functionalized organic fluorescent molecules [282] integrated in the polymer
network. A different approach for the visualization of the microgel morphology
is an indirect approach, where freely diffusing rhodamine 6G (R6G) molecules in-
teract strongly with the network and their diffusion is effectively slowed down to
allow dSTORM measurements [276]. This approach allows to study the network by
dSTORM without major perturbation of its structure [276]. The aim of the present
work is to show the rather broad applicability of this approach also to more com-
plex colloidal structures. Therefore, the method introduced in chapter 3 is applied
to the investigation of core-shell particles (NIPMAM-NNPAM). The influence of
different shell thicknesses on the microgels‘ properties is scrutinized with respect to
finding promising candidates for drug delivery [122, 306, 325] or nanocatalysis [298].
The results are then benchmarked against SANS results for similar particles [302].

5.2. Experimental Section

5.2.1. Microscope setup
dSTORM setup

The used fluorescence microscope for the performed experiments with core-shell
microgels is described in the previous chapter4.2.1. Due to the derivation from
the defocus model in addition to ThunderSTORM [197, 286] a more sophisticated
tool box is used to deal with these problems. The settings are explained in section
5.2.2.

DMD-SIM setup

For 2D-SIM measurements it is required to generate a sinusoidal pattern in the
sample which is typically done with spatial light modulators. Additionally, the
pattern needs to be rotated and shifted three times, resulting in nine recorded raw
frames. Here, a digital mirror device (DMD, DLP6500FYE, Texas Instruments,
Dallas, TX, USA) was used as a spatial light modulator to create the SIM pattern
and to perform the experiments [319]. At the setup, a 532nm diode laser (532MD-
100-FB-12V-2, Q-BATHE, Wuhan, China) was used for the excitation which first
illuminates the DMD. Afterwards, polarization optics were implemented in the op-
tical path to generate the best possible SIM illumination. Note, that two dichroic
mirrors (Di03-R532-t3-25x36, Semrock, USA) were needed to maintain the po-
larization settings. With additional lenses the laser was focused to the back-focal
plane of the objective lens (UPLSAPO60XO, 1.35 NA, Olympus, Japan). With the
same objective lens the fluorescence signal is collected, filtered (FF01-575/59-25,
Semrock, USA), and detected with a camera (IDSuEye UI-3060CP-M-GL Rev.2,
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Germany). The nine raw frames were then reconstructed to a super-resolved im-
age [242].

5.2.2. 3D calibration for dSTORM imaging

To overcome problems with aberrations due to misaligned lenses and the character-
istic PSF of the objective lens a different approach for 3D dSTORM reconstruction
is pursued. Specifically, the superresolution microscopy analysis platform (SMAP)
developed by Jonas Ries (Superresolution microscopy for structural cell biology,
EMBL, Heidelberg, Germany) was applied in this case. The performance of the
toolbox was evaluated in a recent comparison between different 2D and 3D single
molecule localization microscopy software packages[318]. An additional toolbox,
the published cspline algorithm by Li et al. [285] was used, which allows a model free
3D calibration (figure5.1 E to J). The previous evaluation of the acquired calibra-
tion step was performed with the given default settings in the SMAP tool box. As
general parameters the arbitrary 3D modality was chosen and the distance between
the images was set to 10 nm according to the step size of the PIFOC during data
acquisition. The axial position of the bead was corrected via a cross-correlation of
50 frames. For peak finding the filter size was set to two with a relative cutoff of
one. Due to the high signal to background ratio the cutoff does not have to be in-
creased. To exclude overlapping PSF's from different beads, the minimum distance
between two peaks has to be at least 25 pixels. For the final cspline fitting a region
of interest of 27 in x- and y-direction was chosen. A parameter value of one for
smoothing in axial direction was also applied.

5.2.3. dSTORM imaging

A sparse local density distribution of molecules in the fluorescent “on-state” is
achieved by the application of a dSTORM imaging buffer containing an enzy-
matic oxygen scavenger system combined with a thiol, in this case 1 M cysteamine
hydrochloride (M6500, Sigma Aldrich) (MEA) adjusted to pH 7.4 with 25 % hy-
drochloric acid or 1 M potassium hydroxide. The concentrations in the final buffer
are 60 U/mL catalase (C100-50MG, Sigma Aldrich, USA), 5U/mL glucose oxidase
(G2133-10KU, Sigma Aldrich, USA) and 100mM MEA. A small drop, typically
20 pl of the imaging buffer was added to the sample slide. The advantage of adding
only a small drop to the slide is, that the remaining sample is not altered during
the acquisition process by the imaging buffer (diffusing dye molecules). With the
HILO illumination scheme the best results are achieved because the free floating
R6G molecules above the microgels were not excited. In order to translate most of
the fluorescent molecules into the long lived dark state via the triplet state in com-
bination with thiols, a laser power density between 4kW cm ™2 and 5kW ¢cm ™2 was
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Figure 5.1.: 3D calibration based on 200 nm Tetraspeck beads embedded in glycerol
and analyzed with ThunderSTORM. The objective lens was moved by the PIFOC
stage in 10 nm steps through the sample to measure a height dependent PSF of the
beads. The applied model (orange and blue curve) deviates from the ThunderSTORM
calibration. Therefore, a more sophisticated method was used for the 3D reconstruction
E to J. To account for the deviation from the standard model for 3D imaging, the
superresolution microscopy analysis platform (SMAP), a more advanced reconstruction
software by Jonas Ries (EMBL), was used. The same data set was analyzed with
this toolbox in combination with the fit3Dcspline algorithm [285]. In E the maximum
z-projection of the single fluorescent beads is shown. Beads with a distance of 27
pixels to each other were selected from this image for 3D-cspline calibration. From all
matching fluorescent beads an averaged point spread function (PSF) was calculated
(F to H) and a 3D calibration is generated by a cspline fit. Therefore, different views
are generated. | visualizes the PSFs profile along the z-axis in the middle of the PSF
at x=0 and y=0. The resulting height calibration from 37 single fluorescent beads is
shown in J. Scale bar 500 nm.
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applied to the sample. In total 20000 frames were acquired, where the imaging fre-
quency for the core-only microgels was set to 50 Hz and for the core-shell microgels
to 30 Hz. For imaging of the swollen state of the microgel at 17 °C (see figure 5.3 A
and figure 5.2 A, D, G) the objective plate is cooled down with an ice-pack, and the
temperature is measured with a thermoelement (HH506RA, OMEGA, Germany)
within the imaging buffer solution.

2D-SIM imaging

As in the dSTORM measurements, the microgels were embedded in water at 17°C,
and therefore were in the swollen state. However, for optimal 2D-SIM it is crucial
to match the refractive index of the used immersion oil because otherwise spherical
aberration will result in a poor resolution enhancement. Due to the lowered tem-
perature it becomes necessary to lower the refractive index of the immersion oil in
order to achieve the same SIM results compared to imaging at room temperature.
Therefore, an immersion oil of 1.51 NA instead of 1.518 NA was chosen. For the
imaging process the laser power was set to approximately 250 uW at the sample
and the exposure time was 50 ms for a single raw frame. In contrast to dSTORM,
only nine frames were needed for a 2D-SIM reconstructed image, and therefore the
recording only lasts half a second. Latest software development allowed real-time
reconstruction, so that the super-resolved SIM image could be observed immedi-
ately [312].

5.2.4. Image reconstruction
ThunderSTORM

For the reconstruction in ThunderSTORM [197, 286] a wavelet filter with the scale
of two and the order of three is selected to find local maxima with the threshold
of the 1st wavelet level of the input image. The localization of single emitters
is then executed by elliptical Gaussian fits, with a fitting radius of 5 pixels and
the method of weighted least squares. The generated localization table is after-
wards post processed by only a drift correction with the built-in cross correlation
method. Therefore, a reconstruction with a final magnification of 5x was chosen.
The acquired 20000 images were divided into bins of 1000 frames and the resulting
drift correction is smoothed with a factor of 0.25. For finding the single microgels
an image with adjusted contrast and brightness is used to make it easier for the
imfindcircle function to localize the single microgels. For the later evaluation the
resulting localization table is used.
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fairSIM

For the SIM reconstruction the Fiji plugin fairSIM [242] was used. The image
processing was started by subtracting background signal, namely 75 counts, and
corrected for the different illumination intensities in phase and angle. Further, an
estimated optical transfer function (OTF) was utilized with an estimated emission
wavelength of A = 575 nm, an attenuation of a=0.3 and an oil immersion objective
lens (NA=1.35). For the SIM reconstruction itself, a Richardson-Lucy deconvolu-
tion algorithm (one iteration) was applied to the input and output data.

Superresolution Microscopy Analysis Platform (SMAP)

As previously described, the calibration data set was used for the 3D reconstruction
of the core-shell microgels. As a first step a wavelet based background estimation
was done and the images were corrected for this background. Between the back-
ground correction and the peak finding step differences of Gaussians with a o of
1.2 in camera pixels were applied. The signal cutoff is calculated dynamically via
the distribution of pixel intensities were the sensitivity was set to 1.5. For a more
precise localization in depth the model free cspline algorithm by Li et al. [285] was
used with the standard setting and with a refractive index mismatch correction,
where the value was set to 0.85. In contrast to the standard settings of SMAP,
all localizations were saved and later during the post processing, localizations were
filtered by their localization precision in lateral and axial directions. The built-in
drift correction serves to correct the lateral drift. Therefore, the image stack is
divided into 10 bins containing 2000 frames each. For the final 3D reconstructed
images a Gaussian renderer was used, where the color coding (LUT jet) shows the
microgels within a depth of 100 nm (dark blue) to 400 nm (dark red). Localizations
with its origin under -100nm and over 400 nm are artifacts from freely diffusing
R6G molecules above the microgels and under -100nm is the cover glass where
no localizations should occur. Only localizations with a lateral precision < 30 nm
and an axial precision < 45nm were taken into account. The xz-projections were
generated by 300 nm thick sections, shown with white dashed lines through center
of the microgel.

5.3. Computational Methods
5.3.1. 3D quantification of 2D projected single molecule
localization microscopy data

For the quantification of the super-resolved single molecule localization data that
resulted from the experiments a drift corrected localization table was used as well
as the resulting reconstructed image to identify the center of the microgel by the
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Figure 5.2.: A, D and G show the swelling curves of the three core-shell microgels with
nominally increasing shell thickness from thin, over intermediate to thick. The shell
thickness is varied according to the synthesis described in the appendixA.3.1. The
reconstructed dSTORM images (B, E and H) for the microgels with different thick
thicknesses are displayed with increasing shell thickness from the top to the bottom.
Images on the right hand side (C, F and I) are the zoomed in versions of the white
highlighted regions of interest.
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built-in function imfindcircle, which provides the coordinates of the center and the
radius of the microgel based on the image. This function was also used to filter for
spherical objects with a radius between 67.2nm and 336 nm for the core microgels
and between 224 nm and 448 nm for the core-shell microgels. From each localized
center the number of localizations in rings of 10nm thickness is counted until a
radius of 400 nm is reached (see figure3.1). The final localization density of each
ring was calculated by the total number of localizations in the ring divided by
the ring area. The final localization density for the core-only and the core-shell
microgels is shown in figure5.6 A, where the mean value is displayed with the
standard error of the mean. From the 2D projection it is possible to recalculate a
3D density under the assumption that a spherical object is considered. The math
necessary for this recalculation is introduced in chapter 3.2 with the equations 3.1
to 3.4. The contributions of single rings to the shells is schematically shown in
figure 3.7.

5.3.2. Normalized integrated intensity profile for 3D
recalculation of 2D SIM data

To achieve a similar 3D recalculation based on the SIM reconstructed images an
additional step was needed to generate a normalized integrated intensity profile
over the microgels. In ImageJ are two plugins >l available which are capable to
generate this information. In contrast to the SMLM measurements the microgels
center was set manually in ImageJ. The calculated normalized integrated intensity
in dependence of the distance from the center for each microgel was averaged and
the standard error of the mean was calculated. All microgels taken into account are
highlighted with a white circle (see figure 5.9 C to E). In comparison to the 3D re-
calculation the normalized integrated intensities are pixel dependent and therefore
the width of a single ring area is restricted to the pixel size of the super-resolved
SIM image. For the SIM reconstructed images the pixel size is 35nm. A conse-
quence due to this limitation might be a deviation of the normalized signal from
the findings with SMLM, in particular in the core region.

5.4. Results and Discussion

5.4.1. Measurements on PNIPMAM core particles

The PNIPMAM core microgel particles were characterized as synthesized in aque-
ous suspension by photon correlation spectroscopy (PCS) (figure5.3 A) to deter-

iBaggethun, Radial Profile Plot, https://imagej.nih.gov/ij/plugins/radial-profile.html
MCarl, Radial Profile Extended,
http://questpharma.u-strasbg.fr/html/radial-profile-ext.html
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Figure 5.3.: The temperature dependent swelling behaviour of microgels made of
PNIPMAM, which are subsequently used as cores, is here characterized by PCS shown
in A. In B a dSTORM reconstruction of the microgels is presented, where C is the
zoom-in of the cyan highlighted area in B.

mine the temperature-dependent hydrodynamic radius Ry and the swelling be-
haviour. The PNIPMAM core particles contain a cross-linker content of 10 mol%.
The PCS measurement was performed in a temperature range from 10 to 60° at
a scattering angle of 45°. The data was analyzed by the CONTIN algorithm. At
low temperatures the particles are swollen and they have a Ry of approximately
240nm. At approximately 42°C the core particles collapse and their hydrodynamic
radius decreases to a plateau value of approximately 135nm. This thermorespon-
sive behaviour is typical for an amide-based microgel and the collapse of PNIPAM
in HoO can be seen at 42°C [85, 178]. The collapsed and dried core particles were
characterized by atomic force microscopy (AFM, section A.3.3). In figure A3.5 A
the AFM measurement of these particles are shown. The particles are identifi-
able as circular profiles with a low polydispersity. In addition to the localization
densities it is also possible to probe the polydispersity based on SMLM. The in
Matlab integrated function 'imfindcircle’ transfers in addition to the center coordi-
nate of the circle the circle radius. The calculated radii (see figure 5.5) are in good
agreement with the measured hydrodynamic radius Ry for the different core-shell
microgels. The deviation of the measured radius for the core-only microgels might
be due to the low number of molecules localized within the core. This makes it more
difficult to recognize the edge of the localizations in respect to the background. In
addition to the small number of detected molecules, the core microgel morphology
might promote the too small appearing core by a small highly cross-linked core and
dangling chains without the capability to trap the R6G within the network.

For the super-resolution fluorescence microscopy measurement the fluorescent
dye R6G was used. The PNIPMAM core microgel particles are mixed with an
aqueous R6G solution. During this time the dye molecules diffuse into the swollen
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Figure 5.4.: In A the 2D localization density of the core-only microgel (N=1048) is
plotted following the calculation model shown in figure3.1. In B the recalculated 3D
localization density is shown.

polymer network due to favorable interactions. The nature of this interactions is
still unclear. Coulomb or hydrophobic interactions are possible but the latter have
a higher probability to take place, which is shown with measurements by Zhou et
al. that the initiator charges are localized in the area near the particle surface [180].

After a few days this solution was diluted again and was placed onto a coverslip
coated with polyethylenimine by spin-coating. The dSTORM measurements were
performed in an buffer (see section5.2.3). The R6G molecules freely diffuse into
the microgel particles so that the "blinking” of single fluorophores can be recorded.
The recorded localizations were summed up to generate the reconstructed images.

In figure 5.3 B the reconstructed dSTORM images of the core microgel parti-
cles with the freely diffusing R6G are shown. Figure5.3 C, shows an enlarged
section of this image. In the background the localization density is almost zero.
For the pure core particles the highest number of dye molecules is located in the
middle of the particles. The 2D localization density of the pure core microgel
particles (figure 5.4A) can be determined from the reconstructed images and the
3D localization density is recalculated (figure 5.4B). The localization density of the
R6G fluorophores is highest in the middle of a core particle and decreases drasti-
cally with increasing particle radius. As already mentioned above, this is different
compared to PNIPAM microgels which show a plateau or at least a large linear
zone in the densities of the inner part of the particles. In a previous study us-
ing AFM it was also shown that PNIPMAM microgels seem to exhibit a different
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Figure 5.5.: The histogrammed microgel radii for core-only microgels (A) deviate
strongly from the measured hydrodynamic radius measured via PCS at around 16°C
(see figure 5.3 A) and show a radius half of the measured hydrodynamic radius Ry =~
240nm. The total number of localized dye molecules is lower in comparison to the
core shell microgels and the reconstructed image is less well defined. The imfindcircle
function has therefore problems to recognize the radius properly. By adding the shell
to the core, the estimated radii of the different core-shell microgels is getting in the
range of the hydrodynamic radii (see figure5.2 A ,D and G), but remains too small.
Therefore, with the fluorescent dye molecules it is only possible to probe sufficiently
dense microgel networks with the property to trap the dye inside the microgel during
both, the washing steps and imaging within an aqueous buffer.
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network structure compared to PNNPAM and PNIPAM microgels [252]. The size
of a swollen core particle is found to be approximately 240 nm just as in the PCS
measurement (see figure 5.3 A). This is similar to the previous chapter 3 and shows
the approach is also useful to characterize the morphology of microgels based on
different acrylamides [276].
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Figure 5.6.: The microgels are immersed in R6G solutions and spincast on PEI coated
coverslips. To remove excess dye molecules the sample is washed with purified water
while spincasting. The remaining dye molecules in the microgels were localized. The
localization densities were acquired by dSTORM imagign, of core-shell microgels with
three different shell thicknesses termed as "thin” (green triangle, N=314), "intermediate”
(yellow circle, N=608) and "thick” (blue triangle, N=1512) with a cross-linker content
of 10mol% for the core and 2mol% for the shell during synthesis. Therefore, the
presented scheme for data evaluation (see figure3.1), after getting the localization
table, was used. Localizations were counted and assigned to circular rings with a width
of 10nm. From this it is possible to calculate a localization density for each ring.
This was done for the core-only and the three different core-shell microgels. The 2D
localization density shown in A shows a higher localization density for all the core-shell
microgels over the whole radius in comparison to the core-only microgel. In B the
recalculated 3D density for all measured microgels is shown. The hydrodynamic radius
Ry of the collapsed core-only microgels is indicated by the dashed line in magenta in
both graphs.

5.4.2. Measurements on the core-shell system

The three different core-shell particles were analyzed analogously to the pure core
particles. The PNNPAM shell contains a cross-linker content of 2mol% for each
of the three core-shell systems and different thicknesses (thin, intermediate and
thick). In the swelling behaviour measured by PCS (figure 5.2 A D and G) of all
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three systems it is possible to observe three regions[179]. In the first region at
lower temperature all particles are in a swollen state with a size of the hydrody-
namic radius of 280-315nm. The collapse of the PNNPAM shell is observable at
approximately 21°C [40]. This transition becomes larger from microgels with a thin
to those with a thick shell. The second region shows a linear relation between the
hydrodynamic radius and the temperature, which is caused by an interpenetration
of the NNPAM shell material into the PNIPMAM core [302]. The particle size de-
creases with increasing temperature. In the third region the particles are completely
collapsed and the hydrodynamic radius reaches a plateau value of 170- 180 nm. The
structure of the shell region does not change. Core and shell show a thermorespon-
sive behaviour, which was also shown by Zeiser et al. [179] and Cors et al. [261] on
comparable core-shell systems. The AFM measurements of the core-shell particles
are shown in figure A3.5B-D. Here, it is possible to see the circularity in shape
and a low polydispersity of the particles. In figure5.7 A to C reconstructed 3D
dSTORM images can be seen. A slight distortion from the spherical shape of the
microgels at the solid liquid interface is observable. This was already reported by
Hoppe Alvarez et al. [308] and is due to interactions between the particles and the
interface.

In figure5.2B, E and H the dSTORM reconstructed images of the core-shell
microgel particles with freely diffusing R6G are shown. Figure5.2C, F, I and
H show enlarged sections of these images. For the intermediate and thick shell
(figure 5.2 E.F and H, I) the highest intensity is seen in the shell region. For the
thin shell (figure 5.3 A, B) a much higher intensity is observed. In all of the images
there is only a negligibly small intensity in the background.

In figure 5.6 the 2D (A) and 3D (B) localization densities of the core-shell par-
ticles with the three different shell thicknesses are shown. In the region of the the-
oretically collapsed core (up to ~140nm) the localization density differs strongly
from the pure core particles. For the thin shell (figure5.6 green triangle) a higher
localization density can be seen which might be caused by a higher interaction of
R6G with the core-shell system containing PNNPAM, as the sum of all localizations
is higher for the collapsed-core region of the thin shell system as for the complete
core-only particles. An alternative explanation to a compressed core is the inter-
penetration of the monomer NNPAM into the collapsed core during the synthesis.
The higher localization number which might be due to the interpenetration of the
NIPMAM based core can also be seen in the 3D dSTORM reconstructions of the
microgels with thin shell in figure5.7 A. In particular, this can be seen in the xz
projection across the core region5.7 A 1-5, where clearly localizations within the
core region are visible. This is in good agreement with recent small angle neutron
scattering (SANS) results using contrast variation [302].

The NNPAM content increases from the inside to the outside, due to the in-
homogeneous cross-linker density of the core, so that outside of the core region
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Figure 5.7.: In figure A to C the highlighted areas from figure 5.2 are represented with
a height dependent color coding. The 3D reconstruction is based a on astigmatism
shaped PSF of single fluorescent emitters. The subsequent single molecule fitting was
done with SMAP. From each image five microgels were selected and a xz-projection of
the area with the dashed lines is displayed. Scale bar 200 nm.
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Figure 5.8.: Mean counts vs height of 20 microgels (black=thin shell, yellow=middle
shell and blue=thick shell). A 300 nm thick line plot was used to get an averaged count
through the whole microgel. The error bars represent the error of the mean. In B the
graph is normalized to values between zero and one. The data point at -44nm was
excluded from the normalization.

only NNPAM is swollen. For higher shell densities (see figure 5.6, intermediate:
yellow circle, thick: blue triangle) almost no dye localization in the core region
is observed. This can also be resolved by 3D dSTORM by the earlier mentioned
xz-projections shown in figure5.7 B 1 to 5 for the "intermediate” shell microgel
and in figure5.7 C 1 to 5 for the "thick” shell microgel. Interestingly the change
from the intermediate to the thick shell around the core alters the localization den-
sity only slightly (compare figure 5.6 A and B). Therefore, the differences between
the shown xz-projections through the core are hard to recognize. To make these
slight differences visible a line plot through the xz-projections is done. This can
be automatically achieved within SMAP. The resulting intensity distribution based
on the localization across the axial direction is visualized in figure5.8. In total 20
microgels for each shell-thickness were used to determine a mean count along the
optical axis. For a better visualization the outliner at ~ 150 nm is removed for the
normalization of the data. From the evaluated data a higher localization number
for the microgel with the thin shell can be seen as well. A small decrease in the
intensity can be observed around a height of 75nm. This could be an indicator
for the center of the core material. The source of the shoulder between 230 and
275 nm is unclear, but might be related to artifacts because for the microgel with
the thick shell a similar bump at the same axial position and additional at -150 nm
is observed. Around the axial position of 60nm the microgel with a thick shell
shows a clear decrease in the mean count along the axial position. This might be
related to the increased density of the core by the interpenetrated network. The
intensity in the core region is negligibly small due to the fact that the core can no
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Figure 5.9.: To verify the results from single molecule localization experiments, as
shown in figure 5.6, structured illumination microscopy images of the same core-shell
microgels were taken at a temperature of 17°C and below, to preserve the swollen state
of the microgels. In A the mean normalized integrated intensity is plotted against the
microgel radius. For this, the white marked microgels in C, D and E were selected
by hand. The results were recalculated with the presented 3D recalculation scheme
and the results are shown in B. In comparison, the microgels with intermediate and
thick shell are showing a slope with increasing signal intensity up to a radial distance of
150 nm. This can also be seen in the number of localizations in the SMLM experiments.
Scale bar 2um.

longer be reached for R6G fluorophores. Based on SANS results this observation
leads to the conclusion that due to the strong interpenetration, the particles are
rather dense inside and the dye only penetrates the shell in these microgels [302].
The various core-shell microgel systems are also imaged using the SIM process.
The improvement of the resolution with SIM is sufficient to confirm the results
of SMLM, where the ”intermediate” and the ”thick” shell have smaller localiza-
tion densities in the microgel core (diameter circa 300nm). The lower number of
localizations should also lead to a lower intensity in this specific range. The 2D
normalized integrated intensity of the white-marked microgels reconstructed with
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SIM is shown in Figure5.9 A. The recalculation for 3D intensities was performed
using the same calculation methods as for the SMLM data. The only difference is
that the ring size must be set to 35 nm. Compared to the localization densities,
the SIM data show a stronger signal for the core-shell microgels with a thick shell.
Referring to the 3D densities shown in the figure5.6 B, the 3D intensities shown
in the figure, 5.9 B show a similar shape, but with fewer details due to the limited
resolution and different approach to generating normalized integrated intensities.

5.5. Conclusion

In chapter 3 "Super-Resolution Optical Microscopy resolves Network Morphology of
Smart Colloidal Microgels” a quantitative method to characterize the network den-
sity of NIPAM based microgels (N-isopropylacrylamide) by means of localization of
freely diffusing probes [276] is introduced. The method has reproduced the estab-
lished density distribution of a fuzzy sphere [73] for well studied NIPAM microgels
with 5mol% N,N’-methylenebisacrylamide (BIS) as cross-linker. Furthermore, for
highly crosslinked NIPAM microgels with 7.5 and 10 mol% BIS, respectively, a
deviation from the fuzzy sphere model could be found and a correction with an
additional linear term was proposed. In the present chapter it is shown, that this
method can also be applied to core-shell microgel particles made of two different
acrylamides.

In this chapter the internal morphology of PNIPMAM core-only microgels and
PNIPMAM-PNNPAM core-shell microgels are studied by super-resolution fluores-
cence microscopy. Core-shell systems are investigated with three different PN-
NPAM shell thicknesses. As fluorescent dye for dSTORM measurement freely
diffusing Rhodamine 6G was used. Therefore, the localization density inside the
particles can be determined. For initial core microgel particles the fluorescent dye
diffuses into the particles and the fluorophores are located in the microgel particles.
For core-shell particles the NNPAM shell material interpenetrates the PNIPMAM
core. The interpenetration results in a higher localization density due to an in-
creased interaction between the fluorophores and the polymer network. For thicker
shells a higher degree of interpenetration can be observed as almost no localiza-
tions are found in the core of the core-shell particles. The reason could be either
an increase of the network density by the penetration of the shell polymer into the
core, which avoids the diffusion of the fluorophores into the polymer network, or
the formation of a diffusion barrier. The thicker shell also inhibits the diffusion of
the fluorophores into the core, such that just a small amount of fluorophores can
be found in the core region. Furthermore, the interpenetration of the shell material
into the core is high enough that dye molecules in a size range of R6G molecules
are not able to reach the core. This work has potential implications for studies,
where microgels are loaded with small molecules, e.g. in drug delivery. Moreover,
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it shows that the use of freely diffusing probe molecules is promising for a broader
range of soft colloidal systems.
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6. Photoactivation localization
microscopy of cardiomyopathy
associated plakophilin-2 mutants

Summary

Arrhythmogenic right ventricular cardiomyopathy (ARVC) is a genetic heart dis-
ease characterized by ventricular arrhythmia, dilation of the right ventricle and
fibro-fatty replacement of the myocardium. ARVC is mainly caused by muta-
tions in genes encoding desmosomal proteins. Desmosomes are cell-cell connections
which are linked to the intermediate filament system contributing to the mechan-
ical stabilization of cardiomyocytes. One of the prominent ARVC genes is PKP2,
encoding plakophilin-2. Most ARVC associated PKP2 mutations cause premature
termination codons leading to a putative truncation of the protein. Plakophilin-2
is a linker protein of the Armadillo family and connects desmosomal cadherins with
desmoplakin. However, the detailed cellular assembly of the desmosomal proteins
is incompletely understood. Plakophilin-2 consists of a head, central Armadillo
repeats and a short tail domain. Here, the generated series of truncation muta-
tions was investigated in transfected human embryonic kidney cells (HEK293T)
via localizing mEosFP thermo, when it is switched from its green fluorescent form
to the orange fluorescenct form by irradiation with violet light (405nm). The
process of photoactivation or photoconvertion of individual fluorescent proteins
with a subsequent localizations step is known as photoactivation localization mi-
croscopy (PALM). Wild-type plakophilin-2 is localized at the plasma membrane.
Deletion of the tail domain has no obvious effect on membrane localization of
plakophilin-2. However, different mutants without the Armadillo repeats lose their
membrane localization. The study indicates that the desmosomal assembly is dis-
turbed by truncation mutations of plakophilin-2, which might have relevance for
the molecular and cellular understanding of ARVC.
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Figure 6.1.: The sketch on the left hand side shows a cross-section of the human heart.
Areas of the heart affected by right ventricular arrythmogenic cardiomyopathy (ARVC)
are highlighted with arrows(right ventricle (RV), septum (S) and left ventricle (LV)).
In a healthy human heart the muscle appears dark red. In case of the here investigated
genetic heart disease, ARVC, a fibro-fatty replacement of the heart muscle appears.
This can be seen in the photographs on the right hand side. In rare cases of this
disease the fibro-fatty replacement can also be found on the septum (S) and in the left
ventricle (LV). The corresponding and potentially mutated genes are listed with year
of the finding. The five genes found by 90% of all ARVC patients are highlighted in
red, namely plakoglobin (JUP), desmoplakin (DSP), plakophilin-2 (PKP2), desmocollin-
2(DSC2) and desmoglein-2 (DSG2).

6.1. Introduction

First observation of an arrhythmogenic right ventricular cardiomyopathy (ARVC)
were probably made by Giovanni Maria Lancisi in the 18th century. He studied
a family for over four generations, where he found that members of the family
suffered from dilatation, aneurysms, palpitations and arrhythmias leading to spon-
taneous death. Nowadays it is known that in case of an ARVC the heart muscle
cells are losing the ability to adhere in a sufficient manner and the yielding space
is filled by a repair mechanism with a fibro-fatty tissue replacement. This can be
seen in figure 6.1 (RV) on the upper right side by the white tissue in the right ven-
tricle. In rare cases additionally to the right ventricle the septum (S) and the left
ventricle (LV) are affected. In the last 20 years more than 400 different mutations
were found in 17 different genes (see timeline figure6.1). Interestingly approxi-
mate 90% of all ARVC cases are caused in a mutation in the genes of plakophilin-
2 (PKP2), desmoplakin (DSP), desmoglein-2 (DSG2), desmocollin-2 (DSC2) and
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Figure 6.2.: A shows a scanning electron micrograph of an intercallated disk (ICD),
which is formed between two heart muscle cells. B depicts a scheme of the localized
proteins within the red highlighted area forming the desmosomes. The ICD fulfills
important functions for the contraction of the heart muscle. It is possible to distin-
guish between an intercellular and an intracellular region. Within the cell the proteins
desmin (DES), desmoplakin (DSP), plakoglobin (JUP) and plakophilin-2 (PKP2) are lo-
cated. Desmin has the function as an anchoring point for the cytoskeleton. On the other
hand, plakoglobin and plakophilin-2 have the function at the cell membrane to bind
the extracellular cadherin domains (desmocollin-2 (DSC2) and desmoglein-2 (DSG2)).
Scanning electron image of an ICD adapted from [111].

plakoglobin (JUP) [182, 186]. The pathomechanism of the mutations are unknown,
which prohibits a molecular therapy of ARVC. For a normal heart function a syn-
chronous mechanical and electrical communication between single cardiomyocytes
is necessary to ensure coordinated contraction and excitation. The extracellular
part of the desmosomes accommodates the DSG2 and DSC2, which can be seen
in figure6.2 on the right hand side. These cadherins are Ca?*-dependent adhe-
sion molecules and interact with adjacent cardiomyocytes over the specific proteins
desmoglein-2 and desmocollin-2. These two proteins have in addition to the inter-
cellular part an intracellular complex, which is necessary to anchor the armadillo
repeat proteins JUP and PKP2. Within this anchor at the cell membrane desmo-
plakin and the desmin are located and have the role to anchor the actin as a part of
cytoskeleton. Therefore, this protein complex plays a mayor role for the mechan-
ical stability of cardiomyocytes. The significance of wild type and mutated types
of the formed plakophilin-2 is of great interest in this thesis. The unaltered wild
type of plakophilin-2 consists of a head, a tail domain and nine armadillo repeats in
between. Among the fifth and sixth repeat the palmitaylation site is located. The
function of the palmitoylation site is depending on the location of the protein. For
peripheral membrane proteins this specific site can promote or specify membrane
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Figure 6.3.: A shows a model of the molecular structure of PKP2. The numbers
indicate the different armadillo repeats of the protein. These repeats are surrounded
by a head and a tail domain. A palmitoylation site can be found in between. The
function of the palmitoylation site depends on the location, where the site is found. B
schematically shows PKP2 and the different truncation mutations. Here the scheme
on the top is the wild type with its nine armadillo repeats, the head and tail domain
and the palimitoylation site.

interactions. For integral membrane proteins the functions of palmitoylation sites
are unclear [58]. Due to the interaction between the two cadherin proteins with
PKP2, it is likely that the underlying function for the vesicle transport is dimin-
ished. At first the focus is on the investigation of the PKP2 localization within the
cell for different truncations (see figure6.3). Referring to this, seven truncations
were investigated and compared regarding to the wild type of the protein. For the
study human embryonic kidney cells (HEK293T) were cultivated and transfected
with a plasmid encoding PKP2 fused to mEosFP thermo (see table2.1) for visual-
ization purposes. With a laser source emitting light around a wavelength 400 nm,
it is possible to convert the absorption and emission characteristics of mEosFP
thermo. Via spectral filtering the proteins with a converted fluorescence can be
distinguished from the unaltered proteins. This can be used to generate a sparse
subset of fluorescent proteins emitting in the red shifted regime. The subsequent
localization step generates an improved lateral and axial resolution in comparison
to standard widefield fluorescence microscopy. Of particular interest for the investi-
gation is the interplay between the cadherin proteins and PKP2 in cardiomyocytes.
A main problem is the strong scattering of the signal through the cells. A possible
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solution might be the excitation with TIR to restrict the fluorescence signal to a
few hundred nanometers over the coverslip. The fluorescence distribution between
the different truncations would not be distinguishable, since the cell membrane
appears as a continuous area, such as for the ubiquitous distributions of the trun-
cated PKP2 types (compare figure 6.5). Therefore, HILO illumination was chosen
to create a thin "lightsheet” near the coverslip. Images were taken within the cell,
where the cell membrane close to the coverslip was out of focus.

6.2. Experimental Section

6.2.1. Experimental setup

In comparison to standard dSTORM imaging, the switching rates were controlled
by the laser intensity of the 405 nm laser (Coherent OBIS 405nm LX FP 50 mW,
Coherent Inc., USA) and the frequency with a certain duty cycle. The laser was
triggered with a frequency generator (Hameg HMF2550, Rhode & Schwarz, Ger-
many) applying a rectangular voltage to the analog input of the laser control-box.
To achieve a sufficient sparse fluorescent signal from the photoconverted fluorescent
proteins 0.1 V pulses with a duration of 10 ms were generated with a frequency of
5Hz. To decrease the laser intensity a neutral density filter was inserted into the
illumination path. The final laser power in front of the objective lens was 90 to 95
uW resulting in ~ 4.5;2/2 per pulse. The read out of the photoconverted mEos FP
thermo was performed by an argon krypton laser (70C-Spectrum, Coherent Inc.,
USA). The 568 nm line was selected with an acousto-optic tunable filter (AOTF)
(OTFnC-VIS-TN, A-AOpto Electronic, France) and the remaining residual laser
light from other wavelengths was filtered out with a narrow excitation filter (568/10
X, AHF, Germany). A spatial overlap in the sample between the laser of the argon
krypton laser and the laser diode was achieved by a dichroic mirror (Di01-R405,
Semrock, USA). The used read out laser power density was approximately 5;‘:1\2,
with a laser power of 110mW in front of the objective lens. Both laser beams
were reflected by a quadband diochroic mirror (Di03-R405/488/561/635, Semrock,
USA) towards the objective lens, where both were focused on the back focal plane,
to get a homogeneous illumination within the field of view. The typical decrease in
intensity to the edges, according to the Gaussian intensity profile of the laser beam,
could be observed. With this high power density the photoconverted proteins were
photobleached after the read out. Therefore, it is important to keep the number of
photoconverted fluorescent proteins low for successful SMLM.

The transmitted fluorescence was detected with an industry grade CMOS camera
(IDS UI-3270CP Rev.2, IDS, Germany). According to the small physical pixel size
of 3.45 pm an additional telescope with a 300 mm and a 160 mm achromatic lenses

were used to adjust the projected pixel size to 10 p?fél. In the parallel beam path
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Figure 6.4.: Schematic 3D rendered image of the used setup without specific excitation,
emission filter and the cylindrical lens for 3D imaging. Following the laser source, the
argon krypton laser, a specific laser line can be chosen by the acousto-optic tunable
filter (AOTF) (small red box). A fine tuning of the laser intensity can be done by
either the AOTF or the gradient neutral density wheels. The 405 nm pigtailed laser is
coupled into the setup via a dichroic mirror. Before the second dichroic mirror reflects
the laser towards the objective lens, a telescope expands the laser beams and focuses
them on the back focal plane of the objective lens. Emitted light is collected by the
same objective lens and transmitted through the dichroic mirror. For the dual-color
setup a 300 mm lens is placed in the distance equal to its focal length, with respect
to the primary image position. In the parallel beam path a dichroic mirror is placed
to split the image into two spectrals path for wavelengths shorter 650 nm and longer
than 650 nm. The images are displayed on the two cameras using two separate 160 mm
lenses.

two emission filters were inserted. On the one hand, a 470 nm long pass to suppress
the 405 nm laser light, which is needed for the photoconversion, and a 568 nm long
pass (LP02-568RU, Semrock, USA) to block the remaining excitation light. 3D
imaging was enabled by inserting a cylindrical lens in the detection path. Here,
the same procedure can be followed as described in the subsection4.2.2 about 3D
calibration for microgels.
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6.2.2. Image acquisition and data reconstruction

In total 20000 frames were recorded with an exposure time of 40ms for the re-
construction of a super-resolution image. Camera control and image acquisition
were realized with the open-source software Micro-Manager (version 1.4.22[195]).
Reconstruction was done with the ImageJ plugin ThunderSTORM [197, 286]. For
the data sets of the wild type PKP2 and the first truncation mutation, where the
tail domain was removed, it was possible to post process the data with a drift
correction based on cross-correlation. For the other data sets the cross-correlation
method failed due to the missing structures to correlate with. Therefore, a further
post processing of the data was neglected. The final reconstructed images were
rendered with a five times magnification and the method of averaged shifted his-
tograms [139], where a lateral shift of two, was applied. For a better visualization
the look up table orange hot was utilized to the gray scale image.

6.2.3. Data analysis

To compare the different truncation mutations of PKP2, the ratio of two localiza-
tion densities with respect to localizations within the cell and on the cell membrane
was calculated. For the untruncated wild type and the first truncation mutation,
where only the tail domain was removed, the dense fluorescence at the cell mem-
brane allows the use ImageJs integrated functions to recognize the cell membrane
and generate automatically a region of interest. The first step was a conversion
from 32 bit gray scale to 8 bit gray scale with the subsequent use of the morphology
tool box. The used setting was 3.5 pixel radius for a circle. Every single pixel in
the image was dilated with this circle, which makes it easier to automatically find
the cell membrane on the basis of its fluorescence protein localizations. Using the
wand tool, the outside of cells could be selected due to the high contrast based on
the black background. By inverting the selection the cell was selected. A shrinking
of the selection by 400nm and a following formation of a band selection with a
width of 400 nm was done to select only the region of the cell membrane. With the
measure function the integrated intensity, the area of the band selection and the
inner part of the selected were measured.

For the other truncation mutations, where a ubiquitous distribution of the fluo-
rescence signal was found, the method described before cannot be used because the
cell membrane appeared very spotty and therefore difficult to select. Especially for
the dense cell culture in which the cells grew on top of each other. Therefore, the
outermost parts of the cells were selected based on the reconstructed image with
a polygon selection. The straight connections between the points were smoothed
with a spline. Then the same process was performed as described above.
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6.3. Results and discussion

Figure 6.5.: From A to H exemplary images for each investigated truncation mutation
are shown in an overlay of the white light image (gray) with the reconstructed single
molecule localization image (orange). A and B are corresponding to the wild type and
the first truncation mutation with the removed tail domain. The red band indicates
the membrane area where the localization density is measured and compared in respect
to the inside of the cell. Following from C to H different numbers of armadillo repeats
are removed. The scheme for the different types of PKP2 can be seen in figure 6.3,
where the truncations from top to bottom can be seen in the images A to H. Scale
bar 10pm.

The results based on the precise localization of the truncated PKP2 fused to
mEosFP thermo supports earlier findings that ARVC is related to mutations in
PKP2[118, 132]. The first finding is that for all types of the here investigated
proteins, the protein is expressed in transfected cells, which can be seen by the
detected fluorescence signal (compare figure6.5). Based on the localization mi-
croscopy data it could be shown that the wild type of plakophilin-2 accumulates
at the cell membrane of HEK293T cells. In addition to the accumulation at the
cell membrane a fluorescence signal can be found in the nucleoplasm, which is in
good agreement with fluorescence images by Stefan Rickelt [172]. The first trunca-
tion (804X) results in a mutated PKP2 expressing plakophilin-2 without the tail
domain. This mutated protein is still able to show a higher accumulation at the
cell membrane in relation to the cytoplasm and nucleus, but with a lower ratio
between the localization densities in comparison to the wild type. With respect
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Figure 6.6.: The violin plot indicates the ratio between the localization density at
the cell membrane and within the cell. For a single cell this ratio is calculated as
described in the data analysis section. The mean is calculated over more than five
cells with error bars indicating the standard error of the mean. Within the violin plot
the thin bar is the 1.5 times the interquartile range. The outliners of the data set are
represented by the light gray data points. By removing the last two armadillo repeats
the strong accumulation at the cell membrane vanishes and the fluorescent labeled
protein is distributed all over the cell. This could be indicated by a localization ratio
of one or below.

to the error bars, the significance is not high enough to state that there is an
obvious change in the localization density between the wild type and the tailless
truncation. The mutations with at least two or more removed armadillo repeats
are showing a similar ubiquitous distribution of the localizations of the photocon-
verted mEosFP thermo. This can be seen in the violin plot in figure6.6 for the
mutations with missing armadillo repeats. The corresponding mutations are 715X
and following with a smaller number (see figure6.3). An interesting point is that
additional to the localization at the cell membrane, PKP2 can be found endoge-
nously formed in the nucleoplasm [172]. From the reconstructed images mainly no
additional information is gained, which can also be collected e.g. by conventional
confocal microscopy, which is used in most of the studies[77]. But it was possible to
confirm that a mutation of PKP2 can lead to a functional loss of the protein, which
is shown by the ubiquitous distribution within the cell, which is an indicator that
the protein cannot be integrated in the cell membrane anymore. A second indicator
for the loss of protein functionality would be an interaction with the desmosomal
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protein desmoplakin (DSP). To investigate a change in expression rate for different
mutations in comparison to the wild type, the widely used method of western blots
can be used to calculate relative numbers of expressed proteins [118, 132]. Another
mechanism which can be activated due to truncated proteins, is an activation of the
unfolded protein response, in case that a mutation generates miss-folded proteins.
A cell response is therefore an increased synthesis of chaperone for a correct protein
folding. When this status is held over a longer time the unfolded protein response
will initiate apoptosis[142, 144]. The mechanism of cell induced death seems to
be only observable for plakophilin-2. It is known for desmoglein-2 that mutated
types are also distributed within the cytoplasm, but are still correctly folded and
do not initiate apoptosis[93, 154]. All in all, desmosomal proteins are important
for cell stability and protect heart muscle cells, reducing stress from stretching,
movement and pressure [65, 76, 104, 112]. Therefore, the interplay between the five
different desmosomal proteins DSG2, DSC2, JUP, PKP2 and DSP is crucial for
the signaling and the integrity of cardiomyocytes. By altering a single protein the
whole complex is disturbed in its function.

6.4. Conclusion

With this work earlier results about truncation mutations in PKP2, leading to a
delocalized plakophillin-2 within the cell, are supported. Typically, the wild type
of plakophilin-2 is located at the cell membrane and the nucleoplasm. In case of
an truncated PKP2 gene with the deletion of at least two armadillo repeats the
protein is found delocalized in the cell’s cytoplasm and the specific localization at
the outer cell membrane disappears.

The application of SMLM for the verification of earlier findings was not neces-
sary, but shows that photoconvertable fluorescent proteins can be used to localize
single proteins with a higher lateral precision than e.g. confocal laser scanning
microscopes. This method can be used for efficient molecule counting, which is
of interest to compare the number of expressed proteins in comparison to a con-
trol. This quantitative counting can be of great interest because there is still the
possibility that mutations are not causing ARVC, but lead to a decreased number
of proteins in the cell membrane. A consequence might be a weaker cell to cell
adhesion, which would cause a weaker heart muscle. The benefit of high lateral
resolution and improved axial resolution by the usage of PSF shaping methods can
be a very useful tool to reveal the interaction of desmosomal proteins, in particular
with the usage of a dual color approach. Here the dependence of the five proteins
(DSG2, DSC2, JUP, PKP2 and DSP) can be investigated. Therefore, it will be
interesting which combination of mutations in different genes will still result in a
functional desmosomal complex.

The cooperation with the Herz- und Diabeteszentrum in Bad Oeynhausen allows
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a further possibility with investigation of heart slices from explanted hearts from
patients showing the specific mutations. This makes it possible to verify the results
obtained from experiments in cell culture with relevant samples. The problem
with heart muscles is the strong scattering of laser light and the fluorescence. In
order to investigate the interaction of desmosomal proteins, a 3D super-resolution
image is advantageous or even necessary. Therefore, adaptive optics can be used
to compensate for image distortion and improve the axial range in which SMLM
can be used with various PSF models [274].
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7. Probing magnetic fields with
super-resolved fluorescence
microscopy

This chapter is published in parts as a peer reviewed comment.

Stephan Bergmann, Viola Moénkemdller and Thomas Huser Comment on “Magnetic-field-
enabled resolution enhancement in super-resolution imaging” by M. Zhang et al.,Physical
Chemistry Chemical Physics, 2015,17, 6722—-6727 Physical Chemistry Chemical Physics 19,
4887 (2017))

Summary

Certain fluorophores, in particular those that can undergo photoinduced radical
pair reactions, are known to exhibit a magnetic field dependent fluorescence sum-
marized in the term magnetic field effect (MFE). In the experiments carried out,
attempts were made to reproduce the results previously shown on magnetic field
enhanced fluorescence for commonly used organic dyes with a high quantum yield
suitable for single molecule localization microscopy. The result is that the enhanced
fluorescence is based on the additional reflected fluorescence from the magnet’s
surface towards the detector. In the following, a DNA-based approach is shown
which can be used for the detection of magnetic fields. Therefore, the chirality of
molecules like DNA or peptides can be used as a spin-filter.

7.1. Introduction

Certain fluorophores, in particular those that can undergo photoinduced radical
pair reactions [54] are known to exhibit a magnetic field dependent fluorescence
summarized in the term magnetic field effect (MFE). In a publication by Zhang
et al. [229] standard organic dyes such as the often in dSTORM experiments used
Alexa Fluor 647, Alexa Fluor 532, Cy3 and Cy5 are analyzed on their behavior in
weak magnetic fields with the outcome that an enhanced fluorescence was observed
depicted by a higher number of emitted photons.
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Table 7.1.: List of organic dyes with their respective concentration and solvent as used
in this experiment.

Dye Concentration Solvent

nM
Alexa Fluor 647 NHS Ester 10 Dimethylformamide
Alexa Fluor 532 NHS Ester 1 Dimethylformamide
Cy3 100 Water
Cyb 10 Dimethylformamide

Based on this results the idea is to probe magnetic surfaces by measuring the dif-
ference in emitted photons depending on the magnetization direction of the out of
plane magnetization and ultimately to use single molecule localization microscopy
(SMLM) to resolve single magnetic domains within the magnetic surface. Unfortu-
nately it was not possible to gain any reproducible results. But it was found that
the enhanced number of emitted photons in standard organic fluorophores is not a
consequence of the MFE.

The findings are based on bulk experiments with low concentrated dye solutions
in a fluorimeter with a standard 90° geometry and on quantitative evaluation of
single molecule localizations from designed single molecule surfaces.

7.2. Experimental section

7.2.1. Fluorescence spectroscopy

The bulk experiments with low concentrated dye solutions were conducted in a
commercial fluorimeter (Cary Eclipse, Varian (now Agilent), USA). Approximately
0.5ml of the solution were placed in quartz cuvettes (108.002F-QS, Hellma, Ger-
many) with 10 mm path length. The dye solutions with the final concentrations and
the used solvents are shown in table7.1. The applied settings for the fluorescence
spectroscopy measurements are shown in table 7.2. To apply an external magnetic
field to the dye solutions a cubic NdFeB magnet (Webcraft GmbH, Germany, edge
length 10 mm) was placed in opposite direction to the detector. The magnetic
flux density is controlled by changing the distance between the quartz cuvette and
the magnet. Since only a single cubic magnet was used, an inhomogeneous field
is created in which the flux density is measured with a magnetometer (13610-93,
Phywe, Germany), approximately at the position in the middle of the cuvette. To
reproduce the results of the discussed paper similar magnetic flux densities (8 mT)
were used and in addition to this stronger fluxes (50mT) were evaluated in this
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Table 7.2.: Fluorimeter settings for bulk measurements of the magnetic field effect on
the fluorescence spectra of organic dyes.

Dye Excitation Excitation Emission Scan Data Averaging Excitation Emission PMT
wave- slit slit rate interval  time filter filter volt-
length age
nm nm nm nm/min  nm s \Y%

Alexa 650 10 10 600 1 0.1 Auto Open Medium

Fluor

647

NHS

Ester

Alexa 532 10 10 600 1 0.1 Auto Open Medium

Fluor

532

NHS

Ester

Cy3 520 10 10 600 1 0.1 Auto Open Medium

Cy5 649 10 10 600 1 0.1 Auto Open Medium

part.

To prove the MFE, five different conditions during the fluorescence spectroscopy
measurements were achieved by placing the magnet, a black cardboard and a mirror
in the following settings. The spectrometer was used in the standard 90° config-
uration, this means that the excitation beam is perpendicular to the direction in
which where the fluorescence is collected.

1.

Reference measurements of the dyes emission spectra without magnetic field
(black curves figure 7.1)

. Fluorescence spectra with magnetic flux density of ~ 50mT with an ad-

ditional black cardboard between magnet and cuvette to avoid an increased
fluorescence by reflected fluorescence light towards the detector (yellow curves
figure 7.1)

. The black cardboard is removed and emission spectra are again recorded with

the same magnetic flux density of 50 mT (green curves figure 7.1)

. Repeating the measurements with adjusted magnetic flux density to 8 mT

and added the black cardboard again (light blue curves figure 7.1)

Replacing the magnet and the cardboard by a mirror directly behind the
cuvette (dark blue curves figure 7.1)

. Repeating the reference measurement (orange curves figure 7.1)
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7.2.2. Single molecule localization microscopy

In addition to the fluorescence spectrum based measurements SMLM measurements
were done with the most prominent organic dye Alexa Fluor 647. Therefore, a sin-
gle molecule surface was prepared in advance (see Appendix A.5.1). The magnetic
flux density of 8 mT was achieved by placing the NdFeB magnet at the matching
distance. To avoid back reflection between the single molecule surface and the
magnet a, black cardboard was placed. Before the start of the measurement VEC-
TASHIELD, an Antifade Mounting Medium (H-1000, Vector Laboratories, United
Kingdom) [188], was added to the surface. Five measurements were done (5000
frames, exposure time 20 ms, irradiance 1.2-1.4 f:f;, total internal reflection fluo-
rescence excitation (TIRF) using a 1.49 NA microscopy objective (APON 60x Oil
TIRF, Olympus, Japan) at different locations on the single molecule surface.

7.2.3. Evaluation of single molecule localization data

The acquired image stacks with 5000 frames were analyzed by the ImageJ plugin
ThunderSTORM [197] to localize single emitter in each frame. Localizations with
a larger uncertainty than 20nm were rejected. All remaining localizations with
their number of emitted photons were histogrammed with bins of 200 photons.
Normalization was done by calculation of the frequency percentage (see figure 7.2).
Afterwards the difference between the frequency percentages was calculated and
displayed in the inset of figure7.2. The on-state lifetime of a single fluorophore
was estimated by merging localizations with an uncertainty smaller than 20 nm in
consecutive frames where a localization occurred within a distance of 100 nm. The
number of frames in which the localization was detected was multiplied with the
exposure time of 20ms. The arithmetic mean and the standard deviation were
calculated from all the localizations thus grouped.

7.3. Results and discussion

In the article "Magnetic-field-enabled resolution enhancement in super-resolution
imaging.” by Zhang et al. [229] an increased fluorescence emission of organic dyes
suitable for super-resolution imaging in the presence of a weak magnetic field (8 mT)
is reported. To validate that this effect is indeed a MFE, the authors performed bulk
and single molecule experiments and recorded fluorescence emission rates, emission
spectra, and emission intensity. Based on photon counting by single molecule local-
ization experiments the total number of photons was measured to show an increase
in the emitted number of photons per localization in the presence of a magnetic
field. A signal increase of approximately 20% for several organic fluorophores, such
as Alexa Fluor 647, Alexa Fluor 532, Cy3 and Cy5 was reported.
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Figure 7.1.: Emission spectra of Alexa 647 (A), Alexa 532 (B), Cy5 (C) and Cy3
(D) under different conditions as indicated by the inset. The black curve shows the
emission of the four organic dyes without magnetic field and serves as the reference
measurement. For the yellow curve a magnet was placed behind the cuvette and
covered with black cardboard to avoid reflection towards the detector. The light blue
curve shows the emission where the magnet was covered and placed at a distance
corresponding to a magnetic field strength of 8 mT. For the green curve the cardboard
was removed and an enhancement of approximately 30% in the fluorescence, due to
the reflection towards the detector, was measured for all 4 dyes. To show that the
reflection is the reason for the increased signal intensity, a mirror with the same surface
area like the magnet was placed behind the cuvette (dark blue curve). For all four dyes
the signal intensity with the placed mirror was increased by approximately 60%. As
final control (orange curve) a second measurement without magnetic field and mirror
was performed to exclude photobleaching effects.

The MFE is typically attributed to the interaction between a magnetic field and
a fluorophore, e.g. in fluorescent radical pair reactions [155]. A possible application
of this effect was demonstrated by Lee et al. [217], who used a specialized magnetic
field indicator, phenanthrene-(CHgy)12 — O — (CHg )2 — N,N — dimethylaniline for 3D
magnetometry by two-photon fluorescence microscopy. In this case it is believed
that small external magnetic fields (1-10mT) lock the precession of the electrons
to the field axis which leads to a preserved coherence and therefore to a partially
suppressed intersystem crossing (ISC) to the triplet state. The result is an increased
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fluorescence emission [149, 217]. For even larger magnetic fields ISC can also be
enhanced, resulting in a reduced fluorescence. This, however, cannot explain the
effect of external magnetic fields acting on regular, high quantum yield organic
fluorophores, such as the ones used in [229].

A reproduction of the results reported in [229] was not possible, but it could
be found that the enhanced fluorescence emission attributed to MFE could not be
verified. Comparable bulk experiments show no noticeable change of fluorescence
signal in the presence of a magnetic field (8 mT and strong field gradient between
50mT and 90 mT in the fluorescence spectrometer). Bulk fluorescence emission
spectra of the same fluorophores as used in [229] (see figure 7.1 A for Alexa Fluor
647, figure 7.1 B for Alexa Fluor 532, figure7.1 C for Cy5 and Figure7.1 D for
Cy3) were recorded. The fluorophores were prepared from stock solution to a final
concentration of 1-100nM (see table7.1) and approximately 0.5ml was placed in
quartz cuvettes (108.002F-QS, Hellma, Germany) with 10 mm path length.

These solutions were then measured in a fluorimeter (Varian, Cary Eclipse, set-
tings see table 7.2) under five different conditions roughly described in the exper-
imental section7.2.1. In this easy to use experimental configuration it was found
that no measurable MFE in fluorescence intensity was achievable for the dyes of the
the cyanine (Cy3,Cy5 and Alexa Fluor 647) and the rhodamine class (Alexa Fluor
532). Bleaching effects could be excluded by performing a reference measurement
at the beginning (see black curves figure 7.1) and as the last part of the experiment
(see orange curves figure7.1). As already briefly described, high magnetic flux
densities could have the ability to reduce fluorescence by an increased transition
probability (ISC) into the triplet state and thus even stronger red-shifted emissions
occur, which was not considered here. This could not be observed for the investi-
gated organic dyes within a magnetic flux density between 50 and 90mT (yellow
curves figure7.1). Even the proposed magnetic flux density of 8 mT showed nei-
ther a fluorescence increasing nor a decreasing effect (light blue curves figure 7.1).
As a consequence it was possible to show that the increased fluorescence arises
due to the materials reflectivity placed behind the cuvette, namely the mirror or
the not covered magnet. The discrepancy between the here found increase of the
fluorescence of approximately 30% based on the reflectivity (see green curves fig-
ure 7.1) of the magnet and the proposed enhancement of roughly 20% by the MFE
might be due to the distance between uncovered magnet and detector or different
magnet geometries. That the condition of the reflective material plays a role is
shown with the measured fluorescence increased by 60%, if a mirror was placed
behind (see dark blue curves figure7.1). In a second set of experiments SMLM is
used to reproduce the data indicating magnetic field enhanced fluorescence. Here,
a single molecule surface (Alexa 647, for sample preparation see A.5.1) was pre-
pared to compare the number of emitted photons per localization in the presence
and in the absence of a magnetic field. To prevent reflections from the magnet’s
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Figure 7.2.: Frequency percentage of emitted photons per frame of single Alexa
Fluor 647 molecules obtained by direct Stochastical Optical Reconstruction Microscopy
(dSTORM) with (black) and without external magnetic field (orange). The inset shows
the difference in the frequency percentage between measurements conducted with and
without magnetic field.

surface, the magnet was again covered with black cardboard. Four measurements
were conducted (5000 frames, exposure time 20ms, irradiance 1.2-1.4 fﬂvzé, total
internal reflection fluorescence excitation (TIRF) using a 1.49 NA objective lens
(60x NA 1.49 ApoN, Olympus, Japan) at different locations on the single molecule
surface. For the final evaluation, the data of all measurements was summed up (see
table 7.3). The results, were shown as the frequency percentage of photons emitted
per localization and the difference between the measurements with and without an
external magnetic field is displayed in figure 7.2. The inset shows the difference in
percentage of the photon frequency with and without magnetic field which is on
a similar order of magnitude to that used by Zhang et al., but does not show any
dependence on the magnetic field [229]. To check if there is an increased number of
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Table 7.3.: Single molecule localizations were recorded at four different locations on
the sample and by alternating the start position where the magnetic field was either
applied or absent. The bold face font indicates which measurement was first conducted
at the new location.

Position 1 Position 2 Position 3 Position 4 Sum

localizations 38905 40350 52455 30028 161738
without

magnetic

field

localization 33701 52786 37177 43100 166764
with mag-

netic field

single molecule localizations when a magnetic field is applied, the single molecule
surface was covered with VECTASHIELD Antifade Mounting Medium (H-1000,
Vector Laboratories, United Kingdom) to minimize photobleaching effects. 1000
frames are recorded with and without applied magnetic field (magnet covered with
black cardboard) at four different locations inside the sample. It is assumed that
the number of fluorescent molecules changes only slightly by diffusion so that the
results obtained from the same locations should be comparable. To exclude a de-
creased number of localizations due to photobleaching or long living dark-states,
the order of the experiment between starting with or without an applied mag-
netic field (see table7.3) was altered. The measurement shows that the number
of localizations is strongly dependent on the order. It is clearly seen that in all
measurements the highest number of localizations was consistently reconstructed
from the very first measurement that was carried out regardless of the initial mag-
netic field strength. This implies that it is not possible to claim that an applied
magnetic field increases the number of localizations in single molecule localization
microscopy. In the paper by Zhang et al. it is not clearly stated whether the mea-
surements were performed at the same location on the sample or whether positions
were changed, since the labeling density and thus the number of molecules for dif-
ferent fields of view can vary. Additionally, the on-state life times were evaluated
from the data by merging consecutive localizations in a distance of 100 nm after
filtering out localizations with a larger uncertainty than 20 nm. It was found that
no significant change in the on-state lifetime in the absence (78.09 4+ 125.34ms) or
the presence of a magnetic field (84.86+199.80ms) occurs. The differences between
the measured on-state lifetime and the results presented by Zhang et al. might be
due to the use of different laser intensities, different components in the imaging
buffer or the composition of the single molecule surface. The experiments showed
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that an increase of fluorescence from fluorescent dyes, i.e. Alexa Fluor 647, Alexa
Fluor 532, Cy3 and Cy5 in the presence of magnetic fields in the range of 50 to
90mT could not be observed. A signal increase was indeed observed whenever the
magnet responsible for the external field was not covered by absorbing black card-
board. The conclusion is therefore that the results shown in[229]are also due to
reflections of the fluorescence signal by the surface of the magnet and not to MFE.
A more reliable and controllable configuration would be to use Helmholtz coils to
achieve an almost uniform magnetic field that can be controlled by the applied cur-
rent. Nevertheless, a potential method to detect and measure the magnetization
direction of small magnetic domains on the basis of SMLM will be introduced in
the following.

7.4. Chiral induced spin selectivity effect

At the end of the 20th century Ron Naamann and coworkers [43] came up with an
effect called chiral induced spin selectivity effect (CISS). The discovery that spin-
polarized electrons have a preferred motion direction along a chiral molecule de-
pending on the chirality. This behaviour is still of great interest to develop biosen-
sors [255, 268], electrochemical water splitting methods [299] or spintronics [240,
241]. But the theoretical description is still an ongoing process and the origin has
to be studied further. A qualitative understanding can be given based on the move-
ment of an electron through the electrostatic potential. In case of a chiral molecule
the appearing potential as well is chiral. While an electron is traveling with a ve-
locity ¢ through the chiral molecule then will feel the electrostatic potential Echiral.
The generated magnetic field B is than described by

—

- v -
B = 672 X Echiral ) (71)

with ¢ the speed of light in vacuum. Due to the magnetic moment of the electron
itself, the magnetic moments can interact with each other. Therefore, an energetic
favorable alignment of the electron’s spin can be found for the magnetic moment
aligned parallel to the magnetic moment, generated by the movement through the
electrostatic potential of the chiral molecule. The coupled electron spin to the
magnetic field has additionally the effect, that the degenerated spin energy levels
are split within the magnetic field. Different theoretical approaches have in common
to calculate the spin-orbit interaction of the electron spin while moving through
the electrostatic potential of the molecule. Their general finding is that a chiral
potential causes a significant coupling between the electrons linear momentum and
its spin [169]. A vivid example to estimate the strength of the spin-orbit coupling
can be done with the assumption that the generated force is strong enough to
confine the electron within the helical molecule. An easy to apply model is based

113



7. Probing magnetic fields with super-resolved fluorescence microscopy

Figure 7.3.: Schematic drawing of a self assembled monolayer made of dsDNA on a
gold surface with an underlying softferromagnetic multi-layer structure. On top a core-
type cadmium tellurid is attached. The white arrows on the left and right hand side
are indicating the out of plane magnetization direction. Depending on the handedness,
the magnetization and electron spin, a tunneling or hopping through the dsDNA to
the gold substrate is unlikely (left) or likely (right). In the case on the left hand side
the electron is available to recombine with the "hole” in the quantum dot. Ultimately
a photon is emitted by the recombination process and can therefore be a measure for
the magnetization direction indicated by the Qdot's luminescence.

on the cyclotron motion, where the effective magnetic field is given by

mv
Beg| = — 7.2
Burl = (72)
with m,v,q describing the electron’s mass, velocity and charge. In this model
only the radius e of the helical molecule goes into the calculation for the effective
magnetic field. The resulting spin-orbit-coupling is calculated with the effective
magnetic field Beg the Bohr magneton pp and g the g-factor for the electron.

gupmMU

o (7.3)

Hsoc = WTB|Beff| =
Assuming a kinetic energy of 1eV for the electron, equation7.3 gives Hsoc =
390meV, where the total splitting is twice the calculated energy, which is strong
enough to explain the CISS effect. This simplified picture gives a spin-orbit-
coupling which exceeds the spin-orbit-coupling for hydrocarbons by several orders
of magnitude [222].

The idea is to create a self-assembled monolayer (SAM) of double stranded DNA
(dsDNA), which would work as the spin filter, attached to a gold surface with an un-
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derlying soft ferromagnetic multi-layer system generating an out-of-plane magneti-
zation which can be switched with an external magnetic field and the magnetization
is preserved without the external field. It should be therefore possible to measure
the remaining small and local magnetic fields via using quantities measurable with
SMLM, like emitted photons or blinking rates. The main idea is comparable to
the results shown by Mondal et al. [241], but circumventing the macroscopic and
diffraction limited measurements with SMLM.

A schematic drawing is presented in figure7.3. On the left hand side the out-
of-plane magnetization of the underlying multi-layer system consisting of cobalt
and platinum is parallel to the movement direction of the electron. Due to the
resulting more unstable state at higher energies, a tunneling along the dsDNA is
more unlikely. The consequence is that the electron can recombine with in the Qdot
remaining "hole” and emits a photon (see figure 2.1 B). In the other case, presented
on the right hand side in figure 7.3, a preferred and stabilized energy state results
based on the constellation of chirality and the out-of-plane magnetization. With
this constellation it is more likely, that the electron is guided to the underlying gold
substrate. Without the electron no recombination can take place and no photon is
emitted. Therefore, the quantity of emitted photons, which is accessible in SMLM,
can be used to quantify the spin polarization in an optical manner. Which of
the both electron spins is stable or unstable depends on the relative movement
direction, the magnetic field direction and the molecules chirality.

7.4.1. Experimental section
Sample preparation

The underlying substrate is produced by sputter deposition in a Leybold Vakuum
GmbH CLAB 600. A thin natural silicon oxide layer is on top of the silicon wafer.
At first a 5nm thin layer of tantalum is sputtered on the silicon oxide and sub-
sequent a 2nm layer platinum, followed by three times 0.28 nm cobalt and 0.3 nm
platinum with a final 0.28 nm cobalt layer before the whole soft ferromagnetic
multi-layer system is covered by 6 nm gold.

Before the SAM growth is initiated the substrate has to be cleaned sufficiently by
20 min ultraviolet light ozone cleaning, storage for 20 min in absolute ethanol and
drying with nitrogen. Long term storage can be done under an argon atmosphere.

The used 26 base pair long dsDNA was created by the hybridization of ssDNA,
where each strand was based on the sequence taken from the supporting information
by Géhler et al.[152]. To attach a Qdot on top of the dsDNA the 5-end was
modified by a C3N Hy group. To create a dsDNA based SAM, the final 50 uM
dsDNA solution in 0.4M potassium phosphate buffer at pH 7.4 was pipetted on
the substrate. The important point is, that the surface does not dry out over
the incubation time of 20h at room temperature. To remove unbound dsDNA
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the sample was sonicated in potassium buffer. The potassium buffer consists of
dipotassium phosphate and monopotassium phosphate, for both a one molar stock
solution was used for the final 0.4 M buffer with the desired pH of 7.4. Therefore,
a 1 M stock-solution is generated by e.g. using 80.2 ml dipotassium phosphate and
19.8 ml monopotassium phosphate [94].

The cadmium tellurid Qdots (777951, Sigma-Aldrich) are coupled to the dsDNA
via a zero-length cross-linker reaction [184]. The following components are used for
the coupling reaction:

e 0.1M EDC (1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride)
(22980, Sigma-Aldrich)

e 0.05M Sulfo-NHS (N-hydroxysulfosuccinimide) (24510, Sigma-Aldrich)
e 100ug/ml CdTe core-type quantum dot (777951, Sigma-Aldrich)

The previously prepared SAMs on gold were covered with this solution and in-
cubation time was set to 2h at room temperature before the sample was sonicated
for 20s with the potassium phosphate buffer. This step follows a careful rinsing
step with double distilled water. The final preparation step was the drying with
compressed air.

Sample imaging and data analysis

Prior to the imaging step, a small drop of the potassium phosphate buffer was
placed on a # 1.5 coverslip (0107032, Paul Marienfeld GmbH & Co.KG, Germany).
The small wafer with the dsDNA SAM and the coupled Qdots was positioned head
over on the coverslip. On top lied a NdFeB magnet (Webcraft GmbH, Germany,
edge length 10mm) to generate the magnetic field. The direction of the magnetic
field is switched by rotating the magnet 180°. As excitatio the laserline with a
wavelength of 514 nm from an argon krypton ion laser source (70C-Spectrum, Co-
herent Inc., USA) is used, due to a better separation with the available filter. The
illumination beam is focused to the objectives lens back focal plane with a 540 nm
dichroic mirror (DCXR 540, Chroma, USA). Further separation between the lu-
minescence of the Qdots and the illumination light was done with two long pass
filters (BLP01-532R-25, LP02-514RU-25, Semrock, USA) and an additional band
pass filter (ET632/60m, Chroma, USA). The image series was acquired with an
EMCCD camera (iXON+ DU-888E-C00-BV, Andor Technology, Ireland) with an
exposure time of 20 ms per frame.

In total 10000 frames were taken for each magnetization direction. Data analysis
is done with the ImageJ [173] plugin ThunderSTORM [197], where the number of
emitted photons for each localization is calculated based on the performed 2D
Gaussian fit on each blinking event. All localized Qdots, with a smaller uncertainty
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Figure 7.4.: Exemplary luminescence data set of Qdots coupled to dsDNA under
different orientation of the external magnetic field (A magnetic north pole on the
backside of the waver, B magnetic south pole on the wafers back side). Images A
and B show an averaged image of the 10000 frames acquired during the measurement
for SMLM. The corresponding super-resolved images are shown below in C and D.
Scale bar 2um. The occurrence of localizations with a certain photon number up to
20000 photons per localization is shown in E. The black curve shows the distribution
for measurements with the magnetic north pole on the back side of the waver and the
orange curve with a 180°rotated magnet. The standard deviation of four independent
measurements is shown in light orange and gray. In F the difference in the frequency
percentage between the magnetization directions is shown in black (mean value) and
the corresponding standard deviation shown in gray.

than 20 nm, were taken into account for final photon count evaluation. Therefore,
the total number of localizations were histogrammed in bins of 500 photons and
the measurements were repeated with the opposite magnetization direction (see
figure 7.4 E). For a better visualization the histograms are displayed with connected
lines in figures 7.4 E and F. Based on the overall localization number per data set
the frequency percentage was calculated. The difference in the occurrence was then
calculated by subtracting the both data sets from each other (see figure 7.4 F).

7.4.2. Results and discussion

The results in previously published work about spin filtering with helical molecules
and the further development of this topic show that it is possible to use helical
molecules for different purposes [169, 222, 303, 314]. With regard to develop an
improved method for the detection of nanoscopic magnetic domains based on super-
resolution optical microscopy the approaches by Mondal et al.[241] and Roy et
al. [248] were adapted. The artificial dsDNA constructs presented by Géhler et
al. [152] were used as a starting point. Here the hybridization of two single stranded
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DNA was done before the growth of the SAM was initialized with a subsequently
coupling of Qdots to the dsDNA. Due to a missing purification step after the
hybridization it is not guaranteed that all to the gold bound DNA strand are
double stranded DNAs. Nevertheless, the fraction of ssDNA bound to the surface
should be low due to the same initial concentration of the stock solutions of the
single strands. The measurements to verify the CISS effect were done with a
very basic experimental setup and the acquired data is presented in figure 7.4.
Between the diffraction limited images presented in figure7.4 A and B a slight
intensity difference can be seen in the look up table. Here light red to white is
an indicator for higher signal count compared to dark red. A more quantitative
evaluation is done by using the blinking characteristics of Qdots to achieve single
molecule localizations, where the number of emitted photons per localization is
taken as a measure for the CISS. Therefore, the implemented uncertainty filter
function in ThunderSTORM [197] was used to remove localizations with a larger
uncertainty than 20 nm. The remaining localizations were grouped together in bin
of 500 photons. For a better visualization the bars of the histogram are represented
via the connected curves (black and orange) in figure 7.4 E. Here, it is possible to
see for the localizations detected with the magnetic north pole on the back side of
the wafer localizations with a photon count between 5000 and 10000 photons occur
more frequently in comparison to the follow up measurement with the magnetic
south pole in contact with the wafer. But the increase in frequency among these
photon counts is quite small with an increased mean occurrence of around 0.1%.
To achieve this results only four measurements were done, so that the statistics are
not large enough. To exclude potential bleaching effects, which can take place, but
are more unlikely for Qdots, than for organic fluorescent dyes, the imaging scheme
was changed between beginning with the magnetic north and south pole on the
back side of the wafer.

All in all, it could be shown that the idea of using dsDNA as a spin filter works
in combination with an optical detection by counting emitted photons during a
blinking event. The number of emitted photons is an indirect measurement of the
hopping or tunneling process of the created charge along the dsDNA. It depends
on the spin-orbit-coupling strength and the spin, which is aligned to the external
magnetic field.

Nonetheless further measurements and tests have to be done. With the magnet
placed direct on top of the wafer the external magnetic field is responsible for the
splitting of the energy levels and not the magnetic field of the soft ferromagnetic
substrate, which will generate a much weaker magnetic field. Furthermore, a sample
geometry which includes reference surface where no magnetic field should remain
after removing the external field would have been of great advance. This was
achieved by a structured sample where 20 um in diameter large circles are arranged
in a three times three configuration leaving one spot empty. Four of them have
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Figure 7.5.: Structured sample with circles with underlying soft-ferromagnetic multi-
layers (red) and circles containing only a top gold layer as reference (yellow). The blue
highlighted circles have the soft-ferromagnetic multi-layer system, but no gold on top.
Therfore, no SAM should be formed on this circles.

a multi-layer soft ferromagnetic system with a gold layer on top (highlighted in
red). As a reference without a magnetic field circles with only a gold layer are
placed beside the ones with soft-magnetic layers (highlighted in yellow). Finally,
a reference is created where no SAM should assemble, where ruthenium is the top
layer (highlighted in blue). The main problem with this type of substrate was the
creation of SAMs. In addition, the permanent magnet was replaced by a single
coil for generating the magnetic field. With the coil, the probability of moving the
sample when rotating the permanent magnet was reduced. Nevertheless, axial drift
problems were observed and while changing the direction of the magnetic field the
non-magnetic objective lens was moved by the magnetic field. This was, in addition
to the problems forming a homogeneous SAM with coupled Qdots a further reason
why a more quantitative evaluation was not possible.
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8. Summary and comprehensive
outlook

The focus of this work was the development of an easy to use approach to inves-
tigate the morphology of polymer particles. These particles form a dense network
and respond to external stimuli, which makes them promising candidates for var-
ious applications in the life sciences, medicine and industry. It was found that
rhodamine 6G, a well known, cheap and very bright laser dye worked well for this
purpose, due to its interaction with the polymer network. This allows to label the
network indirectly and keep the polymer network unaltered. Since the real world
consists of three spatial directions a two dimensional projection does not represent
the real world. By assuming that the microgels are adsorbed to the glass coverslip,
but still maintain their spherical shape, a recalculation of the three dimensional
network density could be performed. To proof the validity of this method the
widely studied N-isopropylacrylamide (NIPAM) was investigated at different de-
grees of cross-linking of the polymer network. The fuzzy-sphere model, which was
established based on small angle neutron scattering data could be reproduced and
new findings regarding highly cross-linked NIPAM microgels were achieved. These
microgels are currently under-studied and the theoretical description of their be-
haviour is still in progress. The method was also applied to microgels made of
different polymers, which resulted in a completely different density distribution
compared to NIPAM. Finally, microgels made of two different polymers were inves-
tigated and it is found that the initial core particle showed a rather low localization
number while a shell forming around the core exhibited an interpenetration of the
core network. This result is indicated by a higher localization number within the
whole microgel. With increasing thickness the density of the shell increases and
the interpenetration degree increases as can be seen by decrease of the localiza-
tion density towards the middle of the microgel. This could be the result of the
higher network density especially in the core region resulting in the formation of
a diffusion barrier. The knowledge about the interpenetration and the increasing
density or the formation of an diffusion barrier provide important information for
further applications of these core-shell particles, such as their use for drug delivery,
where the microgel needs to be loaded with drugs. This work also showed, that the
presented method can be used to analyze a range of different microgels consisting
of a single polymer or several ones.
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Nevertheless, this method can be improved further if one includes 3D imaging
techniques such as inducing astigmatism in the detection path of an SMLM sys-
tem. This concept was used in parts of this thesis. It could also be used to check
if the calculated density distribution obtained from the projected 2D data is valid
and how large the deviation from the assumed model is. Recently, Hoppe Alvarez
et al.[308] showed that microgels undergo a deformation in contact with coated
coverslips. They also showed that this effect can be reduced by a surface modifica-
tion with polyethylene glycol (PEG). The flattening of microgels at surfaces could
also be observed to a certain extend for microgels where SMLM was achieved by
introducing a cylindrical lens in the detection path (Chapter4 and 5), as well as in
the atomic force microscopy measurements in chapter 3 for the different cross-linker
densities. It was found that higher cross-linked microgels show a lower tendency
to flatten across the surface. So far the structural change of the polymer network
induced by the appropriate stimulus (e.g. temperature change or pH change) was
not yet investigated by super-resolution microscopy, which makes it an interesting
topic for further studies. Here, all measurements were done at temperatures where
the microgels are completely swollen by solvent.

For further studies on core-shell microgels the use of dual-color imaging in 3D
SMLM would give further insight into the distribution of the different layers of the
microgel. To show, for example, that a diffusion barrier has established due to
higher cross-linking degree, fluorescence resonance energy transfer (FRET) could
be used to investigate the interaction of the different interpenetrated networks in
core-shell microgels, where e.g. denser areas of the gel would exhibit a higher
degree of FRET. This approach does, however, cause additional challenges for the
chemical labeling of the network structure.

SMLM allows to localize molecules very precisely on the scale of a few tens of
nanometers. A good example for highly localized protein complexes are desmo-
somes, which, as an integral part of the plasma membrane in some cells, serve as
an anchor of the outer membrane to the cell’s cytoskeleton. These proteins enable
the cell to interact with neighboring cells and to retain the cell’s stability and the
integrity of cell-cell interactions. As part of this study, the protein plakophilin-2
was investigated by SMLM. Plakophilin-2 is encoded in the gene PKP2 and con-
sists of armadillo repeats plus a head and tail domain. Plakophilin-2 is the only
such structural protein expressed in cardiac desmosomes. In desomosomes of the
skin, the proteins plakophilin-1 and plakophilin-3 can also be found. Through a
mutation of the gene it is possible to change the proteins such that parts of the
protein are missing, resulting in a so-called truncation mutation. Within the car-
diac desmosome, the protein plakophilin-2 connects the extra cellular cadherines
desmoglein-2 and desmocollin-2 with the cytoskeleton via desmoplakin and desmin.
In 90% of all genetic heart diseases one of the five named proteins is mutated and in
42.5% the origin of the disease is a mutation of PKP2. Therefore, plakophilin-2 is a
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central anchor within the desmosome and a mutation leading to a displacement of
the protein has dramatic consequences such as sudden heart death or arrhythmia
of the heart. With specific and deliberate induction of these mutations and by in-
troducing a fluorescent label it was possible to visualize the location of the protein
within human embryonic kidney cells (HEK293T) as a model. Missing armadillo
repeats of plakophilin-2 resulted in an ubiquitous distribution of the protein within
the cells and this observation implies that the function of the protein is not given
anymore. Alternatively, one could also use induced pluripotent stem cell, which can
be induced to differentiate into cardiomyocytes [214, 279], and which would provide
a more realistic framework for studying plakophilin-2 modifications as the cause of
heart disease. In the entire cardiac desmosome complex there are, however, four
other proteins interacting with plakophilin-2, so the question remains, which impact
a single altered protein has on the entire complex. Dual-color 3D SMLM would
enable to localize different interacting proteins at the same time and with high pre-
cision to help determine if the mutation in the gene is pathologic or not. A main goal
for the future is the comparison and correlation of experiments performed in cell
culture with heart slices from ARVC patients. Of particular interest, here, are the
interactions and the interplay of desmocollin-2 / desmoglein-2 and plakophilin-2.
In pathological samples the intersection between two cardiomyocytes is a favorable
area of investigation. Nowadays, with advanced freezing and cutting techniques,
tissue slices with a thickness of five to ten microns can be obtained. Due to the high
density of muscle tissue light is scattered more strongly within tissue as compared
to cell cultures with very flat growing cells. Therefore, more advanced microscopy
methods are necessary to resolve the locations of plakophilin-2 and desmocollin-2 /
desmoglein-2 with the necessary precision. A promising solution could be the im-
plementation of a deformable mirror in the Fourier plane of the detection path to
induce phase changes that result in a modified PSF, which is easier and more precise
to detect. This can be achieved by an improved intensity distribution of the PSF
(double helix [136],saddle point [201], tetrapod [224]), where the height information
is encoded in the shape and symmetry of the PSF obtained from single fluorescent
molecules located in different axial positions. Such a framework is the recently pub-
lished ZOLA 3D method [274] which enables single molecule detection in an axial
range of up to five microns. In comparison, the astigmatism based approach works
well up to 600nm depth but for longer distances along the z-axis the signal gets
too weak. By using these improved PSFs it should be possible to achieve a precise
localization within the intercalated disk to visualize cadherins and plakophilin-2
in pathologic cardiac muscle samples. Plakophilin-2 is exclusively expressed in the
cardiac desmosomes, but it might be possible to compensate its dysfunction by
introducing plakophilin-1 and plakophilin-3 enabled by CRISPR-Cas9 [216], which
could then be expressed in cardiomyocytes. A successful implementation of this
approach could be monitored by super-resolution microscopy. A question which
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has to be answered, though, is how molecular transport processes might be altered
due to the truncated protein. Within the cells this process is enabled by transport
vesicles. To track the transport path over short time periods in living cells the
proteins could e.g. be labeled with a fluorescent photo-activatable protein. This
could also be done with the system where plakophilin-1 and plakophilin-3 are ex-
pressed. In living cells the vesicle transport could then be followed using single
particle tracking methods.

Lastly, an important contribution to the credibility of scientific research was
made in the course of this thesis by demonstrating that the claim that magnetic
fields could improve the total number of emitted photons from organic fluorophores
and therefore enable a higher localization precision is wrong. Nevertheless, special
fluorescent probes exist which can be influenced by an external magnetic field
and can therefore be used for fluorescence microscopy in the presence of magnetic
fields [155, 217]. As of this writing, though wide-field microscopy techniques that
can probe magnetic fields on the nanoscale are still missing. A scanning probe
technique for measuring the magnetic field strength on the nanoscale is, for exam-
ple, a modified AFM called magnetic force microscope (MFM). The quantitation
of MFM measurements is, however, not straightforward, because the tip geometry
has to be taken into account and the tip has to be used at a higher elevation to
avoid the electrostatic and atomic forces. In recent publications chiral molecules
were shown to be used as spin-filter [152, 165, 183, 241, 287, 293, 296, 314]. A
possible idea is to use the methods demonstrated in the publications by Mondal et
al. [241] and Roy et al.[248]. Here, a fluorescent quantum dot is bound to chiral
oligomers or bacteriorhodopsin in a purple membrane. Depending on the mag-
netic field direction (up or down) a change in the luminescence intensity could be
measured due to a transfer of charges from excitons to a nearby metal layer and
the resulting modification of the photon emission process. The recombination of
excitons can be inhibited when one part of the exciton (typically the electron) can
tunnel through the chiral molecule and is absorbed by the underlying substrate,
resulting in "quenching”. Such experiments were, however, so far accomplished by
measuring the signal of an ensemble of quantum-dot labeled chiral molecules. To
improve the lateral resolution of such experiments single molecule techniques can
be used. It was shown that Qdots are suitable probes for super-resolution mi-
croscopy techniques such as SOFI [129] where the blinking rates[164, 313] can also
be used as a measure for quenching. Another measure that could be used is the
total number of photons emitted, which can be measured with localization meth-
ods. To accomplish this, though, it is necessary to take benefit of core type Qdots
because in comparison to core-shell Qdots they exhibit rapid blinking behaviour
between a fluorescent on- and off-state [233]. This would make it possible to read
out the emission for every single Qdots. To control the off-times of Qdots Gadolin-
ium ions can be added to the surrounding liquid environment [247] to generate a
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sufficiently sparse emitter density. It is, however, still quite challenging to set up a
super-resolution microscope, which can be operated stably in the presence of high
magnetic fields.

Allin all, fluorescence super-resolution microscopy techniques can be used for dif-
ferent topics in the life sciences, material sciences and physics. In particular for the
development and the characterization of new responsive microgels, SMLM is very
useful, due to its ability to perform experiments in a liquid environment (swollen
microgel by the solvent) and to control their stimulus to phase changes, such as
ionic strength, temperature or magnetic fields. Similar spatial resolution to what
was achieved in the course of this work can otherwise only be achieved by electron
microscopy or Helium ion microscopy [297] and, therefore, opens up an entirely new
parameter space for experiments that could otherwise not be done.
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A. Appendix

A.1. Super-resolution optical microscopy resolves
network morphology of smart colloidal microgels

A.1.1. Microgel synthesis

N-isopropylacrylamide (NIPAM, TCI, Tokyo, Japan) based microgels with differ-
ent cross-linker contents were prepared under usage of the established surfactant
free precipitation polymerization [49]. 11.55 mmol of the monomer together with
the respective cross-linker amount (0.58, 0.87 and 1.16 mmol of N,N’-methylenbis-
acrylamide (BIS, Sigma-Aldrich, St-Louis, U.S.A.)) were added to 150 ml purified
water. The solution was heated to 70 °C and purged with nitrogen gas under con-
tinuous stirring inside a 250 ml three neck flask. The reaction was started after 1 h
equilibration with the addition of 1ml of a 0.4 M ammonium peroxidisulfate (APS,
Sigma-Aldrich, USA) to the solution. After 4h the reaction mixture was cooled to
room temperature and left stirring overnight.

A.1.2. Macrogel synthesis

The NIPAM based macrogel with a cross-linker content of 5.0 mol% was synthesized
via the synthetic approach of Tanaka.[27] 3.9ml of an aqueous solution containing
NIPAM, BIS and APS was purged with nitrogen at 0 °C for 1h. Afterwards
this solution was combined with 0.1ml of a 0.025 mM tetramethylethylendiamin
(TMEDA, Sigma-Aldrich, USA) in water solution inside a self-built heating block
having a rectangular inner shape (10 - 10 - 40 mm) at 20 °C. The finished product
was removed from the apparatus after 1h and put into purified water. The solvent
was exchanged 5 times to remove impurities.

A.1.3. Fluorescent labeling and microgel deposition

The synthesized polymer colloids with 5.0 %, 7.5 % and 10 % N,N’-methylene-
bisacrylamide (BIS) (Sigma-Aldrich, USA) were added to rhodamine 6G (R6G)
in purified water (Arium® pro VF system, Satorius AG, Gottingen, Germany)
solution (1mM) leading to a final concentration of 0.5 % (m/m) of the microgels
with 100 pM R6G. Multiple different fluorophores were tested at the beginning of
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these experiments, but only R6G was found to be able to penetrate the whole
polymer network with minimal, but still sufficiently strong interactions to make
the dSTORM experiments possible. Storing the microgel dye solution for 24 h in
a light protected environment at room temperature resulted in dye saturation of
the particles. Afterwards the microgel in dye solution was diluted by a factor of
5 (0.1 % microgel (m/m), 0.2mM dye). # 1.5 coverslips (Menzel Glédser, Ther-
mofisher Scientific) were cleaned in a plasma cleaner (0.4 mbar O3) for 30 min and
afterwards were sonicated in 2 % (v/v) Hellmanex III solution (Hellma GmbH) at
room temperature for 30 min. Remaining Hellmanex solution was removed by a
continuous water flow while spinning at high velocities (approximately 10s) from
both sides. Before mounting the microgels, the cleaned and washed coverglass was
coated with a few nm thin polyethylenimine (PEI) film. The microgel R6G solution
is pipetted on the PEI coated coverlsip until the entire coverslip was covered. After
a waiting time of 30 min, the sample was spin cast at 500 rpm for 15 min. Free dye
is removed by washing twice with water.

A.1.4. SoMaCoFit

Before fitting the localization data with SoMaCoFit [234]!; the data was normalized
to the sum of 1. This was recommended in the SoMaCoFit manual to achieve
comparable results in the 3D density psp between different measurements. For
fitting of the 2D data the fuzzy sphere model was chosen and all fitting parameters
were free. After calculating the 2D fit the data was regularized and inverted. To find
the optimal regularization parameter A, the minimum in the provided generalized
cross validation was chosen. For the data A = 3.8614 showed the minimal value.
For small regularization values psp deviates strong from the expected distribution
in the microgels (figures A1.1-A1.3).

ISoMaCoFit downloadable from: https://publications.rwth-aachen.de/record/670555/
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Figure Al.1.: SoMaCoFit was used to calculate the 3D profile density from the data
of 5.0 mol% BIS microgels. As a result the software calculates the normalized 2D
(figure A1.1 a to h) and 3D density (figure Al.1 i to p) for different regularizations A
of the given data. For a stronger regularization (A > 0.74552) the data was smoothed
to a high extend and especially close to the microgel centers the model differs strongly
from the measured data.
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Figure Al1.2.: SoMaCoFit is used to calculate the 3D profile density from thw data
of 7.5 mol% BIS microgels. As a result the software calculates the normalized 2D
(figure A1.2 a to h) and 3D density (figure A1.2 i to p) for different regularizations A
of the given data. For a stronger regularization (A > 0.74552) the data was smoothed
to a high extend and especially close to the microgel centers the model differs strongly

from the measured data.
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Figure Al.3.: SoMaCoFit is used to calculate the 3D profile density from thw data
of 10 mol% BIS microgels. As a result the software calculates the normalized 2D
(figure A1.3 a to h) and 3D density (figure A1.3 i to p) for different regularizations A
of the given data. For a stronger regularization (A > 0.74552) the data was smoothed
to a high extend and especially close to the microgel centers the model differs strongly
from the measured data.
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A.2. Smart microgels investigated by super-resolution
fluorescence microscopy: Influence of the
monomer structure on the particle morphology

A.2.1. Microgel synthesis

The microgel particles were prepared using an established precipitation polymeri-
sation procedure [252] based on work by Pelton et al. [23]. 11.55 mmol were used of
the respective monomer, together with a varying amount of cross-linker (0.58, 0.87
and 1.16 mmol) in a 150 ml ultra-pure water based synthesis. The polymerisation
was started by adding an ammonium persulfate (APS) solution (total amount of
APS: 0.4mmol) after an equilibration period of 1h where the solution was heated
to 70°C and purged using nitrogen gas. The reaction ran for 4h at increased
temperatures and was kept stirring at room temperature overnight. The purified
particles were achieved after 5 centrifugation-decantation-redispersion cycles.

A.2.2. Fluorescent labeling and microgel deposition

The synthesized polymer colloids with 5.0%, 7.5% and 10% N,N’-methylenebis-
acrylamide (BIS) (Sigma-Aldrich, USA) were added to R6G in purified water
(Arium® pro VF system, Satorius AG, Germany) solution (1mM) led to a fi-
nal concentration of 0.5% (m/m) of the microgels with 100 uM R6G. Storing the
microgel dye solution for at least 24h in a light protected environment at room
temperature results in dye saturation of the particles. Afterwards the microgel in
dye solution was diluted by a factor of 5 (0.1 % microgel (m/m), 0.2 mM dye). # 1.5
coverslips (Menzel Gldser, Thermofisher Scientific) were cleaned in a plasma cleaner
(0.4mbar O) for 30 min and afterwards were sonicated in 2 % (v/v) Hellmanex ITI
solution (Hellma GmbH, Germany) at room temperature for 30 min. Remaining
Hellmanex solution was removed by a continuous water flow while spinning at high
velocities (approximately 10s) from both sides. Before mounting the microgels, the
cleaned and washed coverslip is coated with a few nm thin polyethylenimine (PEI)
film. The microgel R6G solution was pipetted on the PEI coated coverslip until
the entire coverslip is covered. After a waiting time of 30 min, the sample is spin
cast at 500 rpm for 15 min. Free dye is removed by washing twice with water.

A.2.3. Photon correlation spectroscopy

The photon correlation spectroscopy measurements were performed on a cus-
tom built fixed angle setup (scattering angle: 45°) utilizing a Helium-Neon-Laser
(632.8nm, 21 mW, Thorlabs, Newton, USA) and two photomultipiers (ALV/SO-
SIPD, ALV-GmbH, Germany) in a pseudo-cross correlation configuration. The

VI
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0.10

0.08

0.02

Localization density / nm

0.00 T T T T T
0 100 200 300 400 500

Radius / nm

Figure A2.4.: This 2D localization density measurement of NIPMAM cross-linked with
10 mol% BIS exceeds the measured hydrodynamic radius of approximately 400 nm. It
can be seen that after 350 nm the localization density increases. This can be attributed
to the background of free diffusing dyes in the imaging buffer.

signal was correlated with an ALV-6010 multiple-tau correlator (ALV-GmbH, Ger-
many) and analyzed using an inverse Laplace transformation with the CONTIN
algorithm [19, 20]. The temperature was controlled via a thermostat (Phoenix
II, Thermo Fisher Scientific, USA togerther with Haake C25P, Thermo Fisher
Scientific, USA). The sample was equilibrated for 25 minutes inside the decaline
filled refractive index matching bath.

A.3. Resolving the internal morphology of core-shell
microgels with super-resolution fluorescence
microscopy

A.3.1. Syntheses

The microgel syntheses are well established precipitation polymerizations per-
formed under nitrogen gas with purified water.[23] The syntheses for the PNIP-
MAM core particles and of the shell around these collapsed cores are described in
the following.

Core microgels made of PNIPMAM

For the core particle synthesis the cross-linker N, N‘-methylenbisacrylamide (BIS,
3.85 mmol, Sigma-Aldrich, USA), sodium dodecyl sulfate (SDS, 0.49 mmol, Carl
Roth, Germany) and 500ml purified water were mixed in a 11 three- neck
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flask, heated up to 70°C and stirred for 90 minutes while purged with No. Af-
ter 85 minutes the monomer N-isopropylmethacrylamide (NIPMAM, 38.5 mmol,
Sigma Aldrich, USA) was added. The polymerization was initiated by ammoni-
umpersulfate (APS, 0.31g, > 98 %, Sigma Aldrich, USA). The solution was stirred
at 70°C for additional 4 hours at 300 rpm. Afterwards it was cooled down to room
temperature and stirred over night.

The particles were purified by five repetitions of centrifugation (Beckman-
Coulter Avanti™J-301 Centrifuge, rotor: JA-30.50, USA, 15000rpm (27216 G),
20°C, 30 minutes), decantation and redispersion with purified water.

Core-shell particles

The core-shell particles were synthesized with three different nominal shell thick-
nesses (thin, intermediate and thick) by precipitating the PNNPAM shell on the
collapsed core of PNIPMAM [179, 261].

For the shell synthesis a 500 ml three-neck flask was used. For the PNIPMAM-
core particles (0.15wt%), N-n-propylacrylamide (NNPAM, 4.15 mmol, 8.25 mmol
and 12.45 mmol, synthesis via Schotten-Baumann reaction [116]), BIS (0.08 mmol
(thin), 0.16 mmol (intermediate) and 0.25mmol (thick)), SDS (0.17 mmol) and
150 ml water were mixed. The solution was heated up to 70°C and stirred for
75 minutes at 400 rpm. The reaction was initialized by addition of APS (0.094g).
Subsequently, the mixture was kept at 70°C and stirred for 4h. Afterwards the flask
was cooled down to room temperature and got stirred over night. The core-shell
particles were purified in the same way as the core-only particles.

A.3.2. Photon correlation spectroscopy

The photon correlation spectroscopy measurements were performed on a custom
built fixed angle setup (scattering angle: 45°) utilizing a Helium-Neon-Laser
(632.8nm, 21 mW, Thorlabs, USA) and two photomultipliers (ALV/SO-SIPD,
ALV-GmbH, Langen, Germany) in a pseudo-cross correlation configuration. The
signal was correlated with an ALV-6010 multiple-tau correlator (ALV-GmbH, Ger-
many) and analyzed using an inverse Laplace transformation wit the CONTIN
algorithm by S. Provencher [19, 20]. The temperature was controlled via a ther-
mostat (Phoenix II, Thermo Fisher Scientific, USA together with Haake C25P,
Thermo Fisher Scientific, USA). The samples were placed in a decalin filled re-
fractive index matching bath which is equilibrated at the desired temperature for
25 minutes.
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Figure A3.5.: Atomic force microscopy images of core-only microgels (A) and core-
shell microgels with thin (B), intermediate (C) and thick (D) shells.
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Figure A3.6.: In addition to the 2D- and 3D localization densities shown in figure 5.6
A and B shows the localization density normalized to values between zero and one.

A.3.3. Atomic force microscopy

All measurements were performed on a DI Nanoscope IIla (Digital Instruments,
now Bruker, Germany) mounted on a Zeiss Axiovert 135 inverted microscope
(Carl Zeiss Microscopy GmbH, Jena, Germany) in semi-contact mode using Bud-
get Sensors (Innovative Solution Bulgaria Ltd., Bulgaria) Al-Reflex Tap300Al-G
cantilevers with a tip radius of < 10nm, a resonance frequency of about 300 kHz
and a spring constant of 40N/m at room temperature in the dried state. For the
sample preparation a silicon wafer (Siegert Wafer GmbH, Germany) was spincast
with a PEI solution (0.25wt%, 0.1ml) and of a diluted microgel suspension (¢ =
0.1wt%). Prior to the PEI-coating, the wafer was treated in a plasma cleaner
(Zepto, Diener Electronics, Germany) and cleaned with ethanol (HPLC grade).
The resulting images were analyzed with GWYDDION [170].
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Figure A3.7.: Pseudo two color 2D representation of the core-shell microgel. Here, the
localizations from a core microgel are represented with the cyan lookup table and the
localizations from the core-shell microgel with a magenta lookup table. To generate this
image two single microgels (core-only and core-shell image) were cut out and placed
matching over each other. This image is only for visualization purposes. Scale bar:
100 nm.

A.4. Photoactivation localization microscopy of
cardiomyopathy associated plakophilin-2 mutants

Human embryonic kidney cells (HEK293T) were cultivated in 1x DMEM with
additional 50 ml fetal bovine serum and 5ml penicillin-streptomycin per 11. For
the PALM experiments the cells were cultivated in Nunc Lab-Tek chambers with
# 1.5 glass coverslips or the equivalent p-slides from Ibidi with eight wells. The
cells were transfected with plasmids provided by Dr. Andreas Brodehl (Herz- und
Diabeteszentrum, Bad Oeynhausen, Germany), where the constructs were fused to
mEosFP thermo.

e pLenti-Puro-mEosFP-PKP2a e pLenti-Puro-mEosFP-PKP2a-628x
e pLenti-Puro-mEosFP-PKP2a-804x e pLenti-Puro-mEosFP-PKP2a-573x
e pLenti-Puro-mEosFP-PKP2a-715x e pLenti-Puro-mEosFP-PKP2a-459x
e pLenti-Puro-mEosFP-PKP2a-668x e pLenti-Puro-mEosFP-PKP2a-R350x

The transfections were accordingly done to the Lipofectamine 3000 reagent pro-



A.5. Probing magnetic fields via super-resolved fluorescence microscopy

tocol with modified volumes. For the transfection of cells in four wells, two Ep-
pendorf tubes were prepared with 40 ul Optimem in each tube. In the first tube
1.2 pl Lipofectamin 3000 was added and in the second 1.6 ul P3000 reagent. 2.96 ul
(approximately 200 ng) of the plasmid was added to the tube with P3000 reagent.
In the next step two tubes were mixed together and incubated for 10 min at room
temperature. Afterwards 20 ul were added to each well with cells to transfect. A
day later the transfection was controlled with a wide-field fluorescence microscope
(GE Healthcare, DeltaVision). Typically, on the second day after transfection
the HEK293T cells were imaged. Before imaging the cells are fixed with a 8%
paraformaldehyde solution for 5 min at 37 C°. In the subsequent step the fixed cells
were washed twice with PBS and stored with PBS in a fridge until usage.

A.5. Probing magnetic fields via super-resolved
fluorescence microscopy

A.5.1. Sample preparation of single molecule surfaces
investigating MFE on standard organic fluorophores

1. @ 25 mm #1 (Menzel-Gliser, Thermo Scientific) coverslips were sonicated
with 5% Hellmanex IIT (Hellma GmbH, Germany) at 40°C for at least 30
min. They were washed then with double distilled water (ddH,O) and dried
with compressed air.

2. The clean coverslip was placed in a stainless steel sample holder. To prepare
the coverslip for dye immobilization, the glass surface is incubated in 200 ul
bovine serum albumin (BSA) (A2153, Sigma-Aldrich Co) / Albumin, biotin
labeled bovine (BSA-biotin) (A8549, Sigma-Aldrich Co, USA), fraction 3:1,
for 12 h in a refrigerator at 4°C.

3. Subsequently, the BSA/BSA-biotin solution is washed off and the glass
surface is then incubated with 200 ul streptavidin (S4762, Sigma-Aldrich
Co,USA) dissolved in ddH20 for another 12h in the fridge at 4°C.

4. After washing the streptavidin solution off the surface, 200 ul of a solution
containing 10nM Alexa Fluor 647 dye coupled to a 10mer of biotinylated
single-stranded DNA (IBA GmbH, Germany), was placed on the coverslip
and incubated for 2 h at 4°C.

5. The solution was aspired from the coverslip and was rinsed three times with

Phosphate Buffered Saline Solution (PBS) to remove unbound fluorophores.
Before imaging an buffer was added.
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A.5.2. Sample preparation of SAMs on softferromagnetic
multilayer systems

The preparation of SAMs on a softferromagnetic multi layer system is described
in chapter 7.4.1. Further information about the SAM preparation can be found in
the Bachelor thesis by Maren Eilers (Bielefeld University, Bielefeld, 2018).

A.6. dSTORM imaging buffer

All dSTORM measurements were performed by using a special buffer system con-
sisting of an enzymatic oxygen scavenging system (1 mg/mL glucose oxidase (Sigma
Aldrich, USA), 20 pg/mL catalase (Sigma Aldrich, USA) and 10 % w/v glucose)
through which the oxygen contained in the sample medium is temporally removed.
Adding S-mercaptoethylamine (MEA-HCI, Sigma Aldrich, USA) to the buffer (un-
til a concentration of 100 mM was achieved) results in an efficient blinking behavior
of R6G. The pH is adjusted to 7.4 by adding highly concentrated (25 M) potassium
hydroxide (KOH) to minimize pH dependent effects.

As an alternative to the mentioned simple standard glucose oxidase catalase
buffer a high refractive index buffer based on glycerol can be used with the suggested
components and concentrations [281]. The proposed benefits with this buffer are
that the oxygen scavenging mechanism is enzyme free and prolongs up to 30 days.

Table A6.1.: Suggested composition for an enzyme free high refractive index switching
buffer for long term acquisition and better quantitative comparison.

Component Concentration
Glycerol 80%-90% v/v
[B-mercaptoethylamine 100 mM
Sodium sulfite 35 mM
Double distilled water for dilution
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AFM Atomic force microscope

AOTF Acousto-optical tunable filter

APS Ammonium persulfate

BIS N,N’-Methylenebisacrylamide

CdSe Cadmium selenide

ddH20 double distilled water

DNA Deoxyribonucleic acid

DSC2 Desmocollin-2

DSG2 Desmoglein-2

DSP Desmoplakin

dSTORM direct Stochastical optical recon-
struction microscopy

EDTA Ethylenediaminetetraacetic acid

EMCCD Electron multiplying charged coupled
device

ER Endoplasmatic reticulum

ERFC Error function

FCS Fluorescence correlation spectroscopy

FWHM Full width at half maximum

FRC Fourier ring correlation

GFP Green fluorescent protein

GODCAT Glucose oxidase catalase

HILO Highly inclined and laminated optical
sheet

HOMO Highest occupied molecular orbit

HWHM Half width at half maximum

iSIM instant structured illumination
croscopy

LUMO Lowest unoccupied molecular orbit

JUP Plakoglobin

LCST Lower critical solution temperature

KOH Potassium hydroxide

MEA S-Mercaptoethylamine

MFE Magnetic field effect

MINFLUX description

MOKE Magnteo-optical Kerr effect

NA Numerical aperture

mi-

NaCl Sodium chloride

NdFeB Neodymium magnet

NIPAM N-Isopropylacrylamide

NIPMAM N-isopropylmethacrylamide

NNPAM N-n-propylacrylamide

NNPMAM N-n-Propylmethacrylamid

NV Nitrogen vacancy

ODMR Optically detected magnetic resonance

OTF Optical transfer function

OR Overall resolution

PALM Photoactivation localization microscopy

PBS Phosphate buffered saline

PbS Lead sulfide

PCA Protocatechuic acid

PCD Protocatechuate dioxygenase

PCS Photon correlation spectroscopy

PKP2 Plakophilin-2

PSF Point spread function

Qdot Quantum dot

R6G Rhodamine 6G

RESOLFT Reversible saturable optical fluores-
cence transition

SANS Small angle neutron scattering

SIM Structured illumination microscopy

SLM Spatial light modulator

SMLM Single molecule localization microscopy

SOFI Stochastical optical fluctuation imaging

SRRF Super-resolution radial fluctuations

STED Stimulated emission depletion

STORM Stochastical optical reconstruction
microscopy

TIR Total internal reflection

TIRF Total internal reflection fluorescence

TRABI Temporal, radial-aperture based inten-
sity estimation

Trisma Tris(hydroxymethyl)aminomethane

VPTT Volume phase transition temperature
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