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Abstract

1. Abstract

Super-resolution microscopy (SRM) enables the generation of light microscopy images
below the diffraction limit. To study biological structures with highest spatial resolu-
tion, they have to be immobilized to avoid movement during data acquisition. Classical
chemical fixation methods are widespread but can lead to structural artefacts. On the
contrary, cryo-immobilization methods achieve structural preservation in a near-native
state. Fast freezing techniques (vitrification) are already successfully used to immobil-
ized samples in a near-native state for electron cryo-microscopy. This opens up the path to
cryo-SRM. Even though there are already successful attempts in cryo-SRM the underly-
ing photo-physical processes at low temperature are different from ambient temperature
and largely unknown. In this thesis several fluorescent organic dyes are investigated
for their suitability for cryo-SRM. It was found that all investigated dyes show fluores-
cence fluctuation in the 10 millisecond time range which can be used by cryogenic super-
resolution optical fluctuation imaging (cryo-SOFI) for a resolution enhancement of up to
threefold. Furthermore, fluorescence intermittence at longer time ranges was observed,
which can be used for cryogenic single molecule localization microscopy (cryo-SMLM)
leading to a spatial resolution of 10-20 nm. These findings show that one dye can be used
for different resolution enhancements depending on their mode of switching between the

fluorescent state and non-fluorescent state(s).
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2. Zusammenfassung

Die superauflosende Mikroskopie (SRM) ermoglicht die Erzeugung von lichtmikroskopis-
chen Bildern unterhalb der Beugungsgrenze. Um biologische Strukturen mit hochster
raumlicher Aufl6sung untersuchen zu kéonnen, miissen sie immobilisiert werden, damit
sie sich wihrend der Datenerfassung nicht bewegen. Klassische chemische Fixierungs-
methoden sind weit verbreitet, konnen aber zu strukturellen Artefakten fithren. Im
Gegensatz dazu erreichen Kryo-Immobilisierungsmethoden eine Strukturerhaltung in
einem nahezu natiirlichen Zustand. Vitrifikation, eine Immobilisierungsmethode, in
der die Proben so schnell eingefroren werden, dass die Wassermolekiile keine kristal-
line Struktur ausbilden konnen, wurde bereits erfolgreich eingesetzt, um Proben fiir die
Elektronenkryomikroskopie in einem nahezu nativen Zustand zu immobilisieren. Dies
eroffnet den Weg zum Kryo-SRM. Obwohl es bereits erfolgreiche Versuche im Kryo-SRM
gibt, sind die zugrundeliegenden photophysikalischen Prozesse bei niedrigen Temperat-
uren anders als bei Umgebungstemperatur und weitgehend unbekannt. In dieser Arbeit
wurden verschiedene organische Fluoreszenzfarbstoffe auf ihre Eignung fir Kryo-SRM
untersucht. Es wurde festgestellt, dass alle untersuchten Farbstoffe Fluoreszenzfluktu-
ationen im Zeitbereich von 10 Millisekunden aufweisen, die mit Hilfe der kryogenen su-
perauflosenden optischen Fluktuationsbildgebung (cryo-SOFI) fiir eine bis zu dreifache
Auflosungsverbesserung genutzt werden konnen. Dariiber hinaus wurden Fluoreszen-
zunterbrechungen bei lingeren Zeitspannen beobachtet, die fiir die kryogene Einzelmolekiil-
Lokalisierungsmikroskopie (cryo-SMLM) verwendet werden konnen, was zu einer raum-
lichen Auflosungverbesserung auf 10-20nm fiihrt. Diese Ergebnisse zeigen, dass ein
und derselbe Farbstoff fiir unterschiedliche Auflésungsverbesserungen verwendet wer-
den kann, je nachdem, wie er zwischen einem fluoreszierenden und mehreren nicht

fluoreszierenden Zustanden wechselt.




Introduction

3. Introduction

To take a look into the microscopic world of a cell some device has to be used to magnify
the object of interested. Microscopes can give an insight into a complete new environment
that was "hidden" from our eyes. But even with the most advanced light microscope the
resolution is limited by diffraction and is defined by the Abbe diffraction limit! which is
roughly 200 nm for visible light. To achieve even higher resolution electrons instead of
photons can be used to create an image. Since the wavelength of electrons can be much
smaller than photons much higher resolution can be achieved and it is possible to resolve
at atomic scale.? Fast freezing techniques (vitrification) provide methods to immobilize
biological sample which freezes the samples rapidly preventing the formation of crys-
talline ice and are kept at -196°C. With this, the samples are embedded in amorphous
ice, preserving them in their near native state.®> This method is preventing structural
artefacts which can be caused by chemical fixation. By using electron cryo-microscopy
(cryo-EM) resolutions in the Angstrom scale can be achieved for protein structures.®®
Even though the high resolution of cryo-EM enables the structural analysis of proteins
in its biological context it might be hard to actually find the proteins or events of interests,
if imaging inside cells. This can be resolved by combining the specific labelling of fluor-
escence cryo-microscopy (cryo-FM) to localize the proteins or events and the structural
information at high resolution of cryo-EM.%7 The resolution of conventional cryo-FM is
limited to 350-450nm.8 However, with the introduction of super-resolution microscopy
(SRM) for imaging vitrified samples under cryo-conditions, this limit can be circumven-
ted. By using cryo-SRM in cryo-CLEM the resolution gap between cryo-FM and cryo-EM
can be reduced and the proteins or events of interests can be better localized. First prove
of the feasibility of cryo-SRM and correlation with cryo-EM was already shown.?!1 How-
ever, the photo-physical properties of the dyes used for cryo-SRM are still unknown and
conflicting.% 1112

For cryogenic single molecule localization microscopy (cryo-SMLM) the photo-physical
behaviour of dyes especially the fluorescence intermittance (blinking) is crucial for the
resolution enhancement. Long off or dark states and short and bright fluorescent states
are ideal for cryo-SMLM. Challenges for the investigation of the photo-physical properties
are poor mechanical and thermal stability of microscopes causing drift and inhibiting
long term studies and the sample preparation itself. The sample preparation and the
handling under cryogenic conditions is challenging task. Furthermore, the medium used

to solve changes the photo physics of the dyes. Additionally, the carbon film of the sample
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carrier introduces additional background signal reducing the signal to noise ratio.

The aim of this thesis is to investigate the photo-physical properties of different fluores-
cent organic dyes at low temperature. For this, a workflow is established in this thesis
to automatically process the data of the dyes as much as possible. Furthermore, the suit-
ability for cryogenic super-resolution optical fluctuation imaging (cryo-SOFI) and cryo-
SMLM is investigated. It was found that one dye shows different blinking behaviour at
different time scales. At shorter time scale the blinking is really fast and are close to fluc-
tuation with can be used by the cryo-SOFI algorithm to get an resolution enhancement.
The blinking at longer time scales are also longer in duration and can be used by the cryo-
SMLM algorithm to get an even higher resolution enhancement. A deeper understanding

would further improve the resolution enhancement for biological samples.
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4. Fundamental principles

4.1. Fluorescence

Fluorescent molecules can be excited by a photon with enough energy hvg, from the
ground state S to a higher excited singlet state like S or S9 which takes femtoseconds.
From this excited state it relaxes via internal conversion (IC) (picoseconds) to the lowest
vibrational state. From there it can relax into the ground state S¢ again by emitting
a photon with less energy hvy (nanoseconds) and is called fluorescence. The difference
between hvg, and hvg is called Stokes shift. By using appropriate filters and dichroic
mirrors the fluorescence signal from the dyes can be separated from the excitation laser
and other background signals that do not have the same wavelength as the dyes emission
wavelength. Leading to a higher contrast. From the excited state S it is also possible
that the molecule reach a triplet state via intersystem crossing (ISC). Since this trans-
ition is quantum mechanically forbidden the rate is much lower and has to fulfil certain
criteria. It stays here for pus to minutes before it returns either nonradiative or radiative

which is called phosphorescence.!® These processes are shown in Fig. 4.1.
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Fig. 4.1. Schematic illustration of the fluorescence and phosphorescence process.

4.1.1. Fluorescence intermittence

Fluorophores irradiated with light might start to "blink" on the single molecule level.
This is caused the by the intersystem crossing (ISC) to a triplet state, which has a longer

lifetime of typically micro- to milliseconds compared to the fluorescent state. It is also
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possible that the molecules transition via the triplet state into a long-lived dark state
with a life time of milliseconds to several hundreds of seconds.!* It was shown that
this state is not a triplet state since it is temperature independent.’®® In Fig. 4.2 a
extended Jablonski diagram illustrates the transition to a long-lived state and ultimately
also the irreversible bleaching is shown. The molecule can reach this dark state by either
reduction or oxidation and can return to the ground state by the inverse, reduction or
oxidation. From this dark state it is also possible for the molecule to transition into the

irreversible bleached state.
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Fig. 4.2. Extended Jablonski showing the possible route from fluorescent state over the
triplet state and a long-lived dark state to irreversible photo bleaching. Based on two
different publications.!516

4.2. Resolution limit

In light microscopy the resolution can not resolve features below the diffraction limit.
If the light passes a circular aperture the light will be diffracted at the aperture and
generate a diffraction pattern in the far field called airy pattern and the innermost part
is called airy disk, which is shown in Fig. 4.3.

A point like emitter below the diffraction limit which is imaged by an optical system will
reach the detector blurred. The function by which the emitter is blurred is called point
spread function (PSF). The intensity distribution I;yage(x2, y2) of the imaged fluorophores
Pr(x1,y1) through an optical system is given by:

Iimage(x2,y2) = PSF ® Pp(x1,y1) (4.1)

From (4.1) follows that the resolution limit of a system is defined by the smallest distance
it can resolve between to point sources. If the distance falls below this limit the overlap
of the airy disk is to high and the point sources can not be differentiated any more. There
are different definition for the resolution limit. For the definitions the numerical aperture
NA has to be introduced which is defined as:
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Intensity

Fig. 4.3. PSF of a point source passing through a circular aperture. The intensity is
normalized and colour coded. Modified from Kaufmann.!?

NA=sina 4.2)

with n the refractive index of the medium, a half of angle of the cone of light entering the

lens.

The distance between two point sources can be resolved if the 0. and 1. order of the

diffraction pattern can resolved. This is the Abbe criterion and is defined with:!

A
D =0.5——- 4.3
NA 4.3)

with A the used wavelength.

A different definition is given by the Rayleigh criterion:'® Two point sources can still be
resolved if the maximum of one airy disk falls in to the first minimum of the other airy
disk.

A
D =0.61— 4.4
NA (4.4)

Sparrow gave another definition for the resolution limit of a system with the Sparrow
criterion:'® The minimal distance of two point sources is given by the distance where the
intensity at the midpoint between the peaks shows a minimum. This suitable for similar

bright point sources with similar wavelengths and is defined with:

A
D=047—- 4.5
NA (4.5)

The above defined criterions are shown in Fig. 4.4.
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Fig. 4.4. Nllustrations of the three criterions. With resolution limit examples for a
wavelength of 510 nm and NA = 1.4.20

4.3. Super-resolution microscopy

There are different possibilities to improve the resolution of a fluorescence microscope.
Based on the resolution limit mentioned above one possibility would be to reduce the
wavelength as used in x-ray or electron microscopy. However, reducing the wavelength
comes with several problems. The transmission for shorter wavelengths drops signific-
antly and the high energy photons damages the biological sample especially the DNA.
Another possibility is to increase the NA, which is limited to 0.9 for air objective lenses
and to 1.4 for immersion objective lenses. Additionally, there is no immersion objective

lens for cryogenic conditions.®

A different way is to use methods which "circumvent" the resolution limit. Those methods

are described in the following. A schematic overview for the methods is shown in Fig. 4.5.

4.3.1. STED microscopy

Stimulated emission depletion (STED)??

bases on saturable and reversible optical trans-
itions between two different states of a fluorophore. A STED microscope works like a
confocal microscope by scanning the sample. Additionally, most of the fluorophores are
deactivated in the focal area with a torus shaped STED laser which has a minimum in
its center. The number of fluorophores, which are still in their radiative state depends
on the intensity of the STED laser. This enables the volume of the fluorescent molecules
to be smaller than the PSF of the system. Therefore circumventing the resolution limit.

The Abbe criterion can be appended for STED microscopy as follow:23
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Fig. 4.5. Schematic showing the super-resolution principles. A: In SIM the sample is
illuminated with a periodic pattern which combines with sample structures below the
diffraction limit to generate moiré fringes. This allows a reconstruction of a
high-resolution image from typically 15 raw images. The resolution improvement is
limited to double the resolution. B: In STED microscopy the sample is scanned by two
overlapping laser beams, which are pulsed with a time delay to each other. The first
laser excites the fluorophores, while the second laser returns the fluorophores in the
ground state by stimulated emission. The second laser has a torus shaped which has a
minimum in its center, leading to a volume of molecules remaining in the fluorescent
state which is smaller than the diffraction limit. C: Single molecule localization
microscopy utilize the temporal separation the fluorophores which is achieved by either
photoactivation, photoswitching, triplet state shelving, or blinking. With this only a low
number of the molecules are in the fluorescent state. The detected fluorophores are
diffraction limited and be localized with a very high accuracy by a fit. By collecting a
time series with a few thousand raw images, each with a different subset of fluorescent
molecules, a density map of the single molecule position is generated.?!
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P A (4.6)
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with I;,; the saturation intensity where the fluorescence probability of molecule is re-
duced by 50%.

4.3.2. Structured illumination

Another method to increase the spatial resolution of fluorescence microscopes is struc-
tured illumination microscopy (SIM).24 2% Instead of a homogeneous illumination a peri-
odic pattern for the excitation of the fluorophores is used. This patter interferes with the
fine structures of the fluorescent sample and create coarser interference patterns - moiré
fringes. The higher spatial frequencies, which could not be transferred by the objective
lens before are shifted to lower frequencies, enabling a transfer of those informations. The
acquired raw images are processed by computer algorithms to generate a high-resolution
image by shifting the moiré information back to the high frequency places. The max-
imum resolution enhancement is limited by factor of two since the excitation pattern is

also diffraction limited.

4.3.3. Single molecule localisation microscopy

Burns et al.,?® Betzig et al.?’ and Bornfleht et al.?® showed that it is possible that the
localisation of a point source can be more precise than the optical resolution limit of the
system. For the reconstruction of more complex structure a appropriate number mo-
lecules have to be localised. To get a subdiffraction image of the structure the molecules
have to separated. This can be achieved by switching the molecules between two differ-
ent fluorescent states which can be separated by the optical system. There are different
ways to achieve this, which are briefly explained in the following and are all part of the

single molecule localization microscopy (SMLM) family.

4.3.3.1. Photoactivation

For this method photoactivatable molecules like photoactivatable green fluorescent pro-
tein (PAGFP) are used. They change into a fluorescent state upon irradiation with a
certain wavelength and are used in methods like photoactivated localization microscopy
(PALM)?° and fluorescence photoactivation localization microscopy (FPALM).3? For these
methods one wavelength is used to excite the fluorophores. At the beginning of the re-
cording ideally no fluorophore should be active. A different wavelength is then used to
activate only a small amount of the fluorophores. The intensity of the activation laser

determines the numbers of activated molecules per time interval. The number of fluores-

10
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cent fluorophore is chosen in such a way that their PSFs do not overlap. After a certain
time the activated fluorophores will eventually irreversible photobleach and will not be
fluorescent any more. In this way (under ideal conditions) every fluorophore is detected

only once.

4.3.3.2. Photoswitching

Stochastic optical reconstruction microscopy (STORM)3! uses the reversible transition
of fluorophore between a dark and a bright state. The working principle is similar to
the above mentioned method with photoactivatable fluorophores, also using a different
wavelength than the excitation laser to switch the fluorophores between the two states.
The difference is the reversible transition of the fluorophores leading the multiple detec-

tion of one fluorophore.

4.3.3.3. Photoswitching of conventional fluorophores

The above mentioned methods need special fluorophores or certain fluorophore pairs and
a additional laser to activate or switch the fluorophores. There is another group of meth-
ods which use conventional fluorophores and does not necessarily need an additional
activation/switching laser of another wavelength to achieve super-resolution. The separ-
ation of the fluorophores is achieved by using a reversible dark states, which can be fa-
cilitated if the intensity of the excitation laser is high enough. The lifetime of these dark
states can be influenced by the laser intensity, environment or with an additional laser
wavelength. Spectral precision distance / position determination microscopy (SPDM)32

)33

and reversible photobleaching microscopy (RPM)°° only uses one laser wavelength for

excitation and reversible photobleaching. Direct stochastic optical reconstruction mi-

croscopy (ASTROM)?* and ground state depletion imaging microscopy (GSDIM)3®

uses
an additional laser with a different wavelength with a lower intensity to influence the
reversible photobleaching. The transition back to the ground state is stochastic which
means that the fluorescence signal from the fluorophores can be temporally and spatially

separated.

4.3.4. SOFI

Besides the three most commonly used super-resolution methods introduced above, a res-
olution enhancement can also be achieved by utilising the temporal fluctuations caused
by the above mentioned fluorescence blinking without isolating and localizing individual
molecules. This technique is called super-resolution optical fluctuation imaging (SOFI)
and was developed by Dertinger et al.36

In a conventional fluorescence image the signal is given by the superposition of the emis-

sion of different, nearby emitters. To achieve a resolution enhancement for a SOFI-image

11



Fundamental principles 4.4. Vitrification

of the nth-order the nth-order cumulant, which is quantity related to the nth-order cor-
relation function, filters the original pixel time series based on its fluctuation in such
a way that only highly correlated fluctuations are left over. This means, only emitters
within the pixel are contributing to the brightness of the pixel, since the fluorescence
signal contribution of emitters in neighbouring pixels will yield lower correlation values

and therefore lead to higher resolution.

4.4. Vitrification

Suitable imaging methods to investigate biological samples at high spatial resolution of-
ten require immobilization of the sample. One possibility is to use chemical fixation but
it can lead to structural changes in the sample and therefore generate artefacts which
in turn lead to misinterpretations of biological functions and mechanisms. An artefact
free alternative offer fast freezing techniques (vitrification). The vitrification process is
shown in Fig. 4.7. It allows the immobilization of biological samples in a near native
state, without generating artefacts in the sample preparation process.? This has the ad-
ditional advantage that the amorphous ice does not diffract the electrons in transmission
electron cryomicroscopy (cryo-TEM) thus does not create diffraction artefacts. For this
sample holders ("EM grids") with thin aqueous films need to be frozen very fast to avoid
crystallization of the water molecules and yield amorphous, vitreous ice.® Liquid nitrogen
can not be used as cryogen, since its heat transfer rate is not high enough to avoid crys-
tallization.?” Instead a liquid propane-ethane mixture at liquid nitrogen temperature is
used, which can provide a cooling rate of over 10* K/s which ensures the vitrification of

38 The plunge freezing process (as shown in Fig. 4.6) can vitrify only thin

the sample.
samples up to 5-15 pm.3?

With high-pressure freezing samples up to 200 um can be vitrified.#! This enables the
study of larger cells and organelles in their near-native state with electron cryo-tomography
(cryo-ET) and obtain high resolution images but the sample thickness for cryo-ET is lim-
ited to maximum of about 500-800 nm, for cryo-TEM the limit is about 1um.*? Thicker
sample are confined to lower resolution whereas thin samples allows higher resolution*3
One way to solve this is to generate sections of the vitreous biological sample. By using
focused ion beam (FIB) milling** to mill 150-500 nm thick lamella which can be sub-
sequently observed in a cryo-TEM.%5 Cryo-EM can be combined with fluorescence cryo-
microscopy (cryo-FM) to correlative light and electron cryo-microscopy (cryo-CLEM). This
enables the combination of the high specificity of fluorescent labelling with the very high
resolution from cryo-EM on the same sample. Combined with super-resolution cryo-FM

the large resolution gap between cryo-FM and cryo-EM can be narrowed.

12
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coating of the grid with seeding of cells
extracellular matrix protein onto the grid
(fibronectin)
\ —>

filter paper tweezers —

liquid
propane-ethane
mixture

Fig. 4.6. Schematic overview of sample preparation for cryo-FM. Detached cells are
seeded on a carbon coated gold grid, which was incubated with an extracellular matrix
protein. The fluorescent labelling can be done before or after seeding of the cells. After
the adhesion of the cells, the grid is transferred from the well to the plunge freezer.
Excess medium is removed with a filter paper (’blotting’). The sample is vitrified in a
mixture of liquid propane and ethane, which is cooled with LN 2.4°
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Fig. 4.7. Crystallization and vitrification of water. (A) Water molecules are highly mobile
in liquid. (B) When the temperature reaches 0°C, water starts to crystallize if there is a
seed. (C) Water can be super-cooled to -40°C at atmospheric pressure. (D) Water in a cell
is also highly mobile despite the presence of molecules in the cytosol. (E) Ice crystals can
break the cell membrane and also displace molecules and cellular structures. (F) By fast
freezing methods, water vitrifies, thereby preserving the native state of a cell.*6
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4.5. Photo-physics under cryogenic conditions

Under cryogenic conditions the behaviour of fluorophores changes. Photobleaching is
reduced since two major mechanisms leading to irreversible bleaching of fluorophores
are suppressed. The diffusion of small reactive molecules like oxygen leading to bleach-
ing through photo-oxidation is stopped.*’ Furthermore, the quenching by chemical re-
actions is also reduced since reaction rates are exponentially reduced by cooling. This
leads to an increase in fluorescence yield.*® Quenching by energy transfer on the other
hand is temperature independent.*® At low temperature the effects on the fluorescence
spectrum and the absorption spectrum are similar. The absorbance is higher, caused by
the enlarged absorption cross-section. Additionally, the spectrum can be narrowed and
fine-structuring can be observed.*”-5%%1 The narrowing of the spectra can be utilized to
distinguish fluorophores in cryo-FM which would have overlapping spectra it room tem-
perature.*® In some cases, the whole spectrum can be blue-shifted®® or red-shifted,?!
depending on the molecular structure or state of the fluorescent molecule. Additionally,
the fluorescence might be reduced because of the polarisation dependent excitation and
fixed dipoles of the fluorophores.’? The fluorescence yield could be further reduced due
to a high population of the excited triplet state and long triplet lifetime. The above men-
tioned reduced diffusion of oxygen can substantially reduce the recovery rate the fluores-
cent ground state therefore keeping the fluorophore in a long lived dark state.!®53 Which
also leads to reduced signal to noise ratio of the fluorescent signal.

Additionally, transformational changes, which are a crucial step to photodecomposition
of the molecules, are hindered.’* Photoswitching on the other hand can still be observed
for many fluorophores at low temperatures but might be changed compared to room tem-
perature.?® The photoswitching a low temperature are caused by photoinduced protona-
tion.?® Furthermore, the number of photons emitted by the fluorophores can be increased

up to two orders of magnitude compared to room temperature.’”

4.6. Cryogenic super-resolution fluorescence microscopy

Super-resolution under cryogenic conditions is a new field and most of the boundary con-
ditions are still unknown*® and as mentioned above the photophysical behaviour of the
fluorophores changes under cryogenic conditions.

Most importantly for super-resolution techniques is that photo-switching can be still ob-
served a low temperatures but might by drastically changed compared to room temper-
atures.’® Additionally, the high laser intensity used for most of the super-resolution
methods to induce photo-switching might locally devitrify the sample resulting in the
formation of crystalline ice and might destroy the biological sample® 1

A lack of an commercial immersion objective lens for cryogenic conditions limits the NA

to below 1.0 and therefore a reduced detection efficiency.? Additionally, the NA might be
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Fundamental principles 4.6. Cryogenic super-resolution fluorescence microscopy

even lower if a high working distance between the sample and objective lens is required.?®
Some groups have built a cryo-microscopes which use immersion lenses with an NA of
1.2-2.17. Le Gros et al.?® built a setup with an objective lens operating at cryogenic
temperatures and uses liquid propane as optical medium. The plunge freezer is built into
the cryo stage. However, the the stage cannot be attached to an standard fluorescence

1.6% and Faoro et al.6! have setups with an immersion objective

microscope. Nahmani et a
lens with a NA of about 1.2 which operates at or near ambient conditions.?® The objective
lens is optically coupled with water to a coverslip which again is optically coupled with
a cryo-medium which has a refractive close to water to the sample. This cryo-medium
does not boil a room temperature and do not freeze a -140°C. The objective lens provides
the heating for the cryo-medium to not freeze solid and a cold finger removes the heat
which is connected to the sample. The thermal conductance has to be set up carefully
that over the less than a millimetre of optical pathway the water is still liquid and the
cryo-medium and the sample are at -140°C. Also, the devitrification point of water is close
by at -135°C.3

The advantages of cryo-SR-FM are, bridging the resolution gap in cryo-CLEM, reduced
irreversible photo-bleaching.®47-62 The challenges are the lack of a commercially avail-
able immersion objective lens which limits the and the mechanical instability of most

commercial and experimental setups.%?

4.6.1. Cryo-SMLM

Maximum resolution for cryo-SMLM is only achieved with high laser intensities used
for the photo-switching of the used fluorescent molecules but this causes devitrification
of the sample.?!! The laser has to be kept at below 100 W/cm? to prevent devitrifica-
tion of the sample.5* It is possible to use cryo-protectants (10% Ficoll PM 70 and 10%
ethylene glycol) to achieve higher laser intensities of 300 W/cm? for cryo-SMLM but this
is only suitable for osmotically robust cells like bacteria,® but not for mammalian cells.
Additionally, cryo-protectants decrease the contrast in cryo-EM. An alternative could be
formvar-coated EM grids, which absorb less light (heat) and allow for higher laser intens-
ities of 1.75 kW/cm? and therefore enable improved photo-switching and consequently
higher resolution in cryo-SMLM.!! However, the formvar-coating reduces the compat-
ibility with cryo-EM because of the higher electron absorption, reducing contrast and
resolution. Mechanical instabilities of the cryo-SMLM imaging setup can be overcome by
drift correction using fiducial markers or bright fluorescent background structures. How-
ever, the remaining error was in the order of the average single molecule localization
precision.1% ! SMLM offers, besides resolution improvement, additional single molecule
information that can be used for further quantitative analysis. This makes cryo-SMLM
ideal for the investigation of protein arrangements and distribution in the structural

context.%3
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4.6.2. Cryo-SOFI

As mentioned above, to achieve the maximum resolution for cryo-SMLM high laser in-
tensities has to be used which causes devitrification of the sample.% 1

Cryo-SOFI offers a low-dose (100 W/cm?) super-resolution method suitable for correlative
light and electron cryo-microscopy®* and is based on the SOFI principle.?® This method
does not need a special sample preparation, is fully compatible with conventional cryo-
EM samples, and since it uses the same sample preparation method as the already es-
tablished cryo-EM protocols, it does not effect the quality of the cryo-EM images.%

As mentioned above the SOFI principle makes use of the fluorescent intensity fluctu-
ation over time. Since the fluorescence of the neighbouring molecules is independent of
each other, only the intensity fluctuation from the same molecule is highly correlated. In
principle, using the nth-order cumulant results in an image with a resolution improve-
ment of n-fold for reweighted cross-cumulants compared to a conventional fluorescence
image.%* The resolution improvement of SOFI is theoretically not limited by diffraction
but is limited by the signal-to-noise ratio (SNR) of the intensity fluctuations in biolo-
gical samples. The SNR is defined by the number of photons per single-molecule blink vs.
background signal.?® Resolution improvement for biological samples of two to three times
are possible, which is about 135nm.®* Theoretically higher orders of correlation would
yield higher resolution but with higher order the impact of optical aberrations that result
in an asymmetric PSF and errors in the correction of mechanical instabilities, is bigger
on the resulting image.%* Still, compared with cryo-SMLM, the resolution of cryo-SOFI

reaches a similar range, but with a lower laser intensity.%

4.6.3. SR-cryo-CLEM

Cryogenic correlative light and electron microscopy (cryo-CLEM) especially fluorescence
microscopy makes it possible to locate structures and events of interest in the electron
microscope of biological samples in a near native state and was introduced 2007.57 Com-
bined with cryogenic electron tomography it is a powerful tool to observe the interiors of
cells in their near native states and in near atomic detail

Because of the nature of electron microscopes only cell samples with a thickness below
500nm can be directly imaged. One way to image the interior of thick cells like the
nucleus is focused ion beam (FIB) milling to create thin lamellae cut through cells.444565
However, lamellae are typically 150 nm thick®® and with a resolution of at best 250 nm
laterally and 500 nm axially of a conventional cryo-FM it is impossible to tell where to
mill the cell that contains the structure or protein of interests. This problem can be solve
by using cryo-SMLM which currently can achieve a resolution of 20 nm lateral and 50 nm

axial b6
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5. Methods

5.1. Fluorescence cryogenic cicroscope

g\
=PEMCCD \ %»
camera i » ER.CriSCOpE

Fig. 5.1. Schematic illustration of modifications required to implement cryo-SOFI on
conventional cryo-FM system. Additional required components are: 1) lasers with
wavelength appropriate for imaging of fluorescent molecules of interest and sufficient
power for reaching desired laser intensity for cryo-SOFI; 2) single mode (SM) fibre to
couple laser light conveniently and safely into the system; 3) lens to collimate laser
output of the fibre into a parallel beam of desired width; 4) periscope to bring beam at
required port of the microscope body; 5) flip mirror to change between laser and
conventional illumination; 6) in case a diffusor is in the beam path, it needs to be
removed; 7) sensitive camera with high quantum efficiency. From Moser et al.%*

For the investigation of the fluorophores a modified Leica cryo-CLEM microscope which
was upgraded with a laser system containing the laser lines 405 nm, 488 nm, 561 nm
and 640 nm and a Andor iXon 897 EMCCD camera was used (for more details see®®). The

standard issued halogen lamp was used for navigation on the grid.
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Methods 5.1. Fluorescence cryogenic cicroscope

The used objective lens is a Leica HCX PL APO 50x / 0.90 CLEM. Modified with an heat
foil to prevent condensation on the back of the objective lens.

All the time series for the photo-physical investigations were taken with a 128x128 pixel
ROI and an EM gain of 300. The integration time was 10 ms and the laser intensity for
all used wavelength were set to 100W/cm?. The effective pixel size on the camera was
160 nm.

The stage was cooled with liquid nitrogen to ensure that the samples are kept vitrified.
For this liquid nitrogen was pumped into the sample chamber, which was kept at —192°C
to avoid pumping at maximum flow rate which would can lead to the increase of mechan-

ical instabilities.

5.1.1. Mechanical instabilities of the setup

The microscope used to study the dyes was a commercially available microscope which
has some mechanical and thermal instabilities which was noticeable during the recording
of the time series. Those instabilities can move the molecule in the x-y-axis out of the
ROI therefore leading to a reduction in fluorescence intensity. This can be corrected after
the measurement with a drift correction algorithm. A much bigger problem is the drift
in z-direction since there is no possibility to correct it afterwards. Those were sorted
out during the manual categorization of the TPs. TPs with z-drift can be recognized
by a slow intensity change over time where the highest and lowest intensity is moving

parallel. Those TPs excluded from the data processing process.
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5.2. Bespoke cryogenic fluorescence microscope

One part of this thesis was to start the design process of a bespoke cryogenic fluorescence
microscope which reduces mechanical and thermal instabilities. The current setup is
shown in Fig. 5.2. My part was designing the sample chamber and the insulation.

This is achieved by reducing the length of the mechanical arm between the sample and
objective lens. Instead of using a C-shape like commercial inverted light microscopes
which is a lot more unstable the objective lens in the bespoke microscope is directly
mounted on the cold sample chamber. The sample chamber is completely made of copper
Kupfer Cu-ETP, Werkstoff CW004A — E-Cu57 and is passively cooled by a copper rod dir-
ectly mounted to the chamber extending into the dewar below filled with liquid nitrogen
as shown in Fig. 5.3. The rod, which is submerged in the liquid nitrogen cools the whole
sample chamber without any active pumping, thus reducing any thermal fluctuation. At
the same time cold nitrogen gas is formed and flows through a hole in the insulation
into the chamber keeping the chamber free of ice contamination. The foam insulation
(ebazell 80 from ebalta) is carrying the whole sample chamber and rod and also closes
any gap between the dewar keeping any air outside. The sample holder is mounted ontop
of a positioner, which also cools the sample by thermal coupling. The objective lens is
kinematically mounted via a ceramic plate (Macor) to the chamber. This ensures that
the objective lens is always in the same position since macor have a low thermal expan-
sion coefficient, and is thermally isolated from the chamber to keep the objective lens at

operation temperature.
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Fig. 5.2. Schematic of the bespoke setup of the group. On the left in yellow is the
insulation which is covering the sample chamber and is shown in more detail in Fig. 5.3.
Mounted on rails is the optical system. The excitation pathway and the emission is
depicted in cyan and green respectively. On the right is the EMCCD camera.
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objectie
lens

sample
L
mount
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Fig. 5.3. Schematic cross section of the sample chamber. The copper sample chamber is
surrounded by the foam insulation which carries the whole chamber. A copper rod
directly connected to the chamber goes through the insulation directly into the dewar
filled with liquid nitrogen. Small holes in the insulation let a constant stream of cold
nitrogen flow into the sample chamber to prevent ice contamination. The sample carrier
is mounted on top of a positioner. The objective lens is coupled to a ceramic plate which
is kinematically mounted to the rim of the chamber ensuring that the objective lens is
always in the same position.
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5.3. Plunge freezing

Liquid nitrogen can not be used as cryogen to vitrify the samples since the Leidenfrost
effect would prevent the rapid freezing of the sample. To achieve amorphous ice the
sample has to be frozen with a cooling rate of at least 10,000 K/s which is possible with a
propane-ethane-mixture (60% propane and 40% ethane) cooled by liquid nitrogen. This
mixture has the advantage that it stays liquid compared to pure liquefied ethane.38

Depending on the sample type some steps have to be added but primarily TEM grids are
used as sample carrier. For only organic dyes the Protochips C-Flat coated with holey
carbon film with hole diameter of 2 um and a spacing of 1 um and 200 mesh density was
used. To prepare the grids they were glow discharged with 25 mA negative polarity for
60 s to make the surface hydrophilic. The grids are moved quickly to the already prepared
manual plunger and put into the device. A drop of 3.5 uL is applied to the grid and the
excess liquid is removed with a filter paper for about one second. The grid is than quickly
plunged into the liquid propane-ethane mixture and carefully stored in a grid box in a

liquid nitrogen storage dewar.

5.3.1. Shigella samples

The TEM grids are prepared like mentioned above. Instead of the dye solution a drop
of 2.5 uLL of the shigella was applied to the grid. Additionally, a drop of 2.5 uL. of 1/20
100 nm Tetraspeck beads solution was added onto the grid. The excess fluid was removed
before freezing. The Tetraspecks enables the drift correction done by software since they
are non-blinking and therefore give a steady reference point for the drift correction al-

gorithm.

5.3.2. Non-vitrified samples

The TEM grids are prepared like the normal samples. Instead of using a manual plunger
the grid is being hold by inverted tweezers and 3,5 uL. sample solution is applied to the
grid. The excess fluid is removed with filter paper. The Grid is than slowly dipped into
liquid nitrogen. This way the solution is forming crystalline ice instead of amorphous ice.
This enables additional studies of the influence of the environment on the photo-physics

of the fluorescent dyes.
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6. Developed algorithms and software

In this chapter the the algorithms and software are described, which have been developed
within this PhD project to analyse the photo-physical properties of single fluorescent
molecules under cryogenic conditions.

The image stacks are recorded and saved as .tiff files. To streamline the process and
remove possible bias a script was written to automate the process as much as possible.
For this a script called FPAnalysisGUI was written by me to load the image stack into
Matlab and generate a maximum projection with a Gaussian blur. The maximum pro-
jection allows the detection of all molecule that switched on at some point during the
recording and also reducing a selection bias for when the on-state of the molecule was.
The Gaussian blur makes it easier for the human eye to see the molecule. The GUI is
shown in Fig. 6.1.

The fluorophores can now be selected in the maximum project via a crosshair and after-
wards the background is chosen manually. This way bright pixel close to the selected
fluorophore can be avoided. To obtain the time profile (TP) a region of interest (ROI)
of 5x5 pixel is created around the the chosen fluorophore and the intensity of the ROI is
summed up. The background selection is also done in a ROI of 5x5 pixel. The background
is used for a background correction for possible bleaching. A section of the GUI shows the
obtained TP directly to manually check whether the selection was done correctly. Upon
clicking on the save button the script saves all data needed for further analysis.

The next script developed for the analysis workflow is called on0ffRatioCalculatorCorr_v4.
It automatically goes through the selected folder with the acquired TPs and determines
the on-frames and off-frames of all TPs. For this the threefold standard deviation calcu-
lated from the background is used as threshold. All frames with an intensity above the
threshold are regarded as in the on-state. The length of each on-state and off-state are
also recorded.

catTPGUI then enables a fast way to manually categorized the TPs. An example is shown
in Fig. 6.2. For this the TP is displayed. Also the OOR is calculated based on the on-
frames and off-frames obtained from the previous script. Using the later shown examples
for categories as orientation the TPs are categorized. This creates a list (catList) for the
following scripts to further handle the TPs.

From this point on the data can be processed in different ways.

timeAC_all calculates the AC curves for each TP from one sample and saves it in one

matrix. The mean of the mean of the first four 7 (74) for all acquired ACs is also calcu-
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lated. From here it is possible to plot all the ACs in one graph. With the same script the
ACs for each individual category can be calculated and saved.

catCount displays the occurrence of each category by simple counting each category from
catlist.

To acquire the on-times and off-times a method is used where the intensity histogram
of the measure TP (TP easured) i fitted with a quasi Monte Carlo method. For this the
intensity histogram of the TP is calculated. Afterwards, TPs are simulated (TPgimulated)
with different parameters. The resulting intensity histogram are compared with the
histogram acquired from the actual TP. The TP simulation is based on Marcel Leuteneg-
gers’s sofiSimulate.%” The algorithm was modified with additional noise to account for
the readnoise of the camera, which, even for the used EMCCD camera, is not neglectable

at the very low photon counts of the performed experiments in this project.
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Fig. 6.1. GUI of the developed analysis software tool to pick the fluorophores. A large
display shows the maximum projection of the image stack with the Gaussian to easily
identify the molecules. The buttons on the right offers different operations. "Load
image", "Drift Correction" "Get Drift Parameter" "Reset" are self-explanatory. The "Time
Profile" starts the process of selecting the fluorophores and background with a crosshair.
"Plot all timeprofiles" displays all the already saved time profiles. The histogram on the
right shows the intensity of the image. The buttons and slider changes the contrast of
the displayed maximum projection. The TP of the chosen molecule is displayed
underneath the maximum projection. Beneath this, the average intensity of each entire
frame in the time series is displayed. The disabled buttons (excluding the "Drift
Correction") are not in use any more.
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Fig. 6.2. GUI developed to categorize the TP. Shown on top is the TP, on the right side
the intensity histogram from the TP, below the autocorrelation curve from the TP.
Beneath are the buttons to select the category, coded with a number. There are more
categories shown that were not used for further analysis and cover rare behaviours.
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7. Results

7.1. Autocorrelation analysis of blinking and fluctuating

fluorescent states of single Alexa Fluor 647 molecules in
vitrified PBS

Alexa Fluor 647 (Alexa647) is a commercial organic far-red dye and is a commonly used
dye for staining cells. The number represents the excitation maxima in nanometres.
Alexa647 has been chosen as a reference since it is a commonly used dye for room tem-
perature single molecule localization microscopy (SMLM).

To investigate the suitability of Alexa647 in vitrified phosphate-buffered saline (PBS)
(Alexa647ppg v) for cryogenic super-resolution optical fluctuation imaging (cryo-SOFI)
the autocorrelation (AC) of all time profiles (TPs) were studied. The AC correlates the
signal of the TPs with itself to a later time point. For SOFTI this is interesting since
only intensity fluctuation from the same molecule are highly correlated, since the fluor-
escence of the neighbouring molecules are independent of each other.®* Therefore, the

AC behaviour of the molecules are crucial for a resolution improvement.
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Fig. 7.1. AC of all TPs for Alexa647ppg v. Different AC behaviour can be seen, ranging
from fast declining AC curves (indicating FB) to long plateaus (indicating long on-times
(ton)), but also including AC curves fluctuating around 0 (indicating no blinking or
switching). The logarithmic x-axis shows 7 in ms. The temporal resolution is 10 ms.
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All AC curves obtained from the TPs are shown in Fig. 7.1. There are also the TPs
included which are not blinking, since they also somehow contribute to the generated
image and therefore have to be taken into account. It shows the amplitude of the AC
curve over different time delays 7. Different AC behaviour can be seen, ranging from
fast declining AC curves in the 10 ms range, which indicates fast blinking (FB), to long
plateaus, indicating long ¢,,, but also including AC curves fluctuating around 0, which
indicates no blinking or switching. Looking at the AC curves indicate that there are times

which are smaller than the temporal resolution of the used camera, which is 10 ms.

7.1.1. Categorization of time profiles

The obtained TPs were manually categorized into different blinking behaviour: fast
blinking (FB), multi state blinking (MSB) and rare blinking (RB). Examples of the blink-

ing behaviour are shown in the following figures.
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Fig. 7.2. One example of a TP for the fast blinking category. The off-state is around 0
intensity and the on-state is only several frames long and returns to the off-state again.
The TP is background corrected and the temporal resolution is 10 ms.

Fig. 7.2 shows one TP from the FB category. The TP visualizes the fluorescence intensity
course over a time period of 100 s with a temporal resolution of 10 ms.

It is observable that this molecule has a shorter ¢,, than off-time (¢,¢) since the average
of the TP is close to the background. The molecule is mostly in the off-state and switches
to the on-state for only one to several frames.

Fig. 7.3 shows a zoomed in section of Fig. 7.2. The short on-states can be clearly distin-
guished from the longer off-states.

Fig. 7.4 and Fig. 7.5 show two TP as examples for the MSB category. In this category
the TP shows two distinct intensity levels. It can also switch between those to levels. It
should be noted, that in what appear to be an on-state and off-state at longer temporal
binning (e.g. 500 ms, orange TP in Fig. 7.4 and Fig. 7.4) the intensity is fluctuating. A
longer temporal binning is overlay in orange. Both TPs generate different AC curves
which can result in non homogeneous AC behaviour for the MSB category as shown later
in Fig. 7.8
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Fig. 7.3. Zoomed in section from Fig. 7.2 showing a time period of about 3 s. The TP is
background corrected and the temporal resolution is 10 ms.
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Fig. 7.4. One example of a TP for the multi state blinking category. Blue: TP with
temporal resolution of 10 ms. Orange: Same TP with a temporal resolution of 500 ms as
overlay. There are two clear intensity levels. Even in the "off-state" FB can be observed
which is above the noise level. Also in the "on-state" FB can be observed. The temporal
resolution is 10 ms.
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Fig. 7.5. Another example of a TP for the multi state blinking category. Blue: TP with
temporal resolution of 10 ms. Orange: Same TP with a temporal resolution of 500 ms as
overlay. There are two clear intensity levels. Besides FB in the two clearly separated
"on-state" and "off-state" as in Fig. 7.4, here also "intermediate states" with FB can be
observed. The temporal resolution is 10 ms.
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Fig. 7.6. One example of a TP for the rare blinking category. The molecule is . is quite
long and the on-states are rare and only for a short time. The intensity is also quite high
and distinct. The temporal resolution is 10 ms.

Fig. 7.6 shows one TP example from the RB category. The molecule is most of the time
in the off-state. Only occasionally the molecule switches into the on-state and mostly
for only a few to several frames. The intensity during the on-state is also quite high

compared to the on-state of the FB or MSB category.

7.1.2. Analysis of Alexa Fluor 647 molecules in vitrified PBS

The above shown categorization of the time profiles were performed for Alexa647pps v

manually. The AC curves of each category are shown together in one figure below.
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Fig. 7.7. AC from the same Alexa647pps v sample as Fig. 7.1 but only showing the AC
curves from the FB category. Only one type of AC behaviour can be seen. The highest
correlation can be seen in the 10 ms range and nearly all of the AC curves declines to
nearly 0 after 60 ms, indicating FB. The logarithmic x-axis shows 7 in ms. The temporal
resolution is 10 ms.

In Fig. 7.7 the AC curves from Alexa647pps v categorized as FB are shown. There is only

one AC behaviour. The AC curves are declining fast in the 10 ms range to nearly 0. The
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latest at around 60 ms. This indicates that the ¢,, are short and therefore indicates that
these are only FB molecules. Since the temporal resolution of the camera is 10 ms, the

ton can not be determined directly.
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Fig. 7.8. AC from the same Alexa647pps v sample as Fig. 7.1 but only showing the AC
curves from the MSB category. The majority of the AC curves declines to nearly 0 after
around 80 ms. Only two have a plateau until 4,000 ms. The logarithmic x-axis shows 7

in ms. The temporal resolution is 10 ms.

The AC behaviour of the MSB category shown in Fig. 7.8 is similar to FB. The AC curves
declines fast to 0 in the 10 ms range but compared to FB they reach 0 around 80 ms,
indicating short ¢,,. Two AC curves show a different behaviour. They have a plateau
which drops to 0 around 4,000 ms, which indicates, as mentioned above, a long ¢,,. To
explain why there are two different AC curve behaviour in the MSB category the above
mentioned TPs in Fig. 7.4 and Fig. 7.5 are from the MSB category but yield different AC

curves, which are shown in Fig. 7.9 and Fig. 7.10.
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Fig. 7.9. AC curve from Fig. 7.4, which is from the MSB category. The amplitude is
higher in the 10 ms range and drops to a plateau which ranges from 40 ms to about
1,000 ms and slowly declines further to 0. The logarithmic x-axis shows 7 in ms. The
temporal resolution is 10 ms.
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7.1. Autocorrelation analysis of blinking and fluctuating fluorescent states of single
Results Alexa Fluor 647 molecules in vitrified PBS

Compared to the TP (Fig. 7.4), which is mostly in the "off-state", the AC curve (Fig. 7.9)
shows a higher correlation in the 10 ms range indicating FB and a lower plateau in the
time range of 40 ms to about 1,000 ms indicating a slower switching behaviour which both

can be seen in the TP.
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Fig. 7.10. AC curve from Fig. 7.5, which is from the MSB category. The AC curve shows
a plateau which really slowly declines and declines faster at around 3,000 ms. The
logarithmic x-axis shows 7 in ms. The temporal resolution is 10 ms.

Looking at the TP in Fig. 7.5, which is longer in the "on-state", and the AC curve in
Fig. 7.10 FB and longer on-states can be observed which is reflected in the long plateau
ranging from the shortest 7 to beyond 10,000 ms.

Those two AC curves shows that the MSB category can yield to different AC behaviour
which are reflected in Fig. 7.8.
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Fig. 7.11. AC from the same Alexa647ppgs v sample as Fig. 7.1 but only showing the AC
curves from the RB category. Three different behaviours can be seen. One with a higher
amplitude declining to 0 around 1,000 to 5,000 ms. The other has a lower amplitude and
declines to 0 around 200 ms. Two ACs are just flat around 0. The logarithmic x-axis
shows 7 in ms. The temporal resolution is 10 ms.

The AC behaviour of the RB category shown in Fig. 7.11 is similar to the two AC curves
from MSB with the different behaviour and are divided into three groups. One have
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Restits Autocorrelation analysis of different organic dyes in vitrified PBS in comparison

a higher amplitude and a plateau which declines to 0 between 1,000 to 5,000 ms. The
other group has lower amplitude and also a plateau but declines earlier to 0 at around
200 ms. The last two AC curves are fluctuating around 0. The first two groups show that
the ¢, are longer, the first group longer than the second group. The third group of AC
curves don’t have any correlation and do not contribute to the signal in the SOFI image
recreation.

This shows that the different blinking behaviour can be clearly distinguished by the time
profiles themselves and the resulting AC curves also show a clear distinction in the be-
haviour for each category. Those differences in AC behaviour will result in different

contribution to the signal, which lead to different pixel brightness.

7.2. Autocorrelation analysis of different organic dyes in

vitrified PBS in comparison

In this section different organic dyes are compared with each other. For this, the mean

value of the correlations coefficient G(7),,4 of the first four 7 are used as a benchmark.
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Fig. 7.12. Mean of the first four 7 of the AC of all investigated dyes in vitrified PBS.
Different blinking categories are colour-coded: green = all TPs, blue = FB TPs, orange =
MSB TPs and yellow = RB TPs. The error bars show the standard error of the mean
(SEM).

Shown in Fig. 7.12 are all investigated dyes vitrified in PBS. They are colour-coded as
described in the figure description. Generally, the higher the G(7),,4 value the higher the
amplitude of the AC curves, therefore a higher correlation in the 10 ms time range which
leads to a brighter pixel. Noise would have a lower or no correlation and therefore a low
amplitude resulting in a darker or black pixel. By looking at the G(T)‘;‘,&TPS, colour-coded
in green, Janelia Fluor 646 (JF646pps v), Janelia Fluor 525 (JF525ppg v) and Oregon
Green (OGpps_v) have the highest G(7),,4 values. Just looking at the G(7),,4 of all TPs
does not give the needed information to conclude which dyes is the most suitable for
cryo-SOFI.
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Results 7.3. Categorization of organic dyes in vitrified PBS in comparison

Therefore, to see how high the contribution of each category to the G(7),,4 of all TPs is, a

ratio can be used to estimate it and is shown in Fig. 7.13 and defined as followed:

G (1)30B0 = G(g)caieeory g TPs (7.1)
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Fig. 7.13. Ratio of G(1),,4 of each category to G(r)iyfps for all dyes vitrified in PBS. The

different categories are colour-coded: blue = G(T)EE/TEHTPS, orange = G(T)}XILEB/TiHTPS and

yellow = G(T)%E/Timps. The error bars show the SEM.

For the FB category the highest ratio G(T)E(Eio (shown in Fig. 7.13, color-coded in blue)
achieved are from OGppgs v, Alexa647ppg v, followed by JF525pps v and Atto647pps v.
Combined with the G(7),,4 from the FB category from Fig. 7.12, where the highest G(7),,4
are JF525ppg v, OGppg v and Alexa647pps v, would suggest that JF525pps v, OGpps_ v
and Alexa647ppg v are the most suitable for cryo-SOFI.

G(T)lrvflstg is shown in Fig. 7.13, colour-coded in orange, are up to 3 times the G(T)‘;",&TPS and
therefore not the main influence of G(T)‘;‘ifps. Only for Alexa647pps v and JF646pps v
it is close to 1. From this figure it is not apparent if G(T)Fnl?1 or G(T)%IEB has the higher
influence on G(T)frngPs. For this, the percentage has to be taken into account, which is
done later in this thesis. For JF646pps v G(T)I,\,L’IEB is the main influence since the other

two categories are lower than G(T)%LTPS,

RB

. which is close to
ratio

From Fig. 7.13, colour-coded in yellow, the dyes which has a G(1)
1 also have a G(T)Eftio close to 1. It is not possible to tell which category has the major
influence on G(T)‘;&TPS. To do this, the category percentages has to be compared, which is

done later in this thesis.

7.3. Categorization of organic dyes in vitrified PBS in

comparison

In this chapter the occurrence of the categories for each investigated dyes are compared.
In Fig. 7.14 each bar represents one dye and each category is colour-coded: gray = al-

ways on, blue = fast blinking (FB), orange = multi state blinking (MSB), yellow = rare
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Results 7.3. Categorization of organic dyes in vitrified PBS in comparison

blinking (RB). "Always on" describes the molecules or points in the recording where their

fluorescence intensity are always above the 3 standard deviation as used by Boning et
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m Always On ® Fast Blinking ® Multi State Blinking Rare Blinking

Fig. 7.14. Percentage of all categories from the organic dyes. Each bar represent one
dye. Different categories are colour-coded: gray = always on, blue = fast blinking (FB),
orange = multi state blinking (MSB), yellow = rare blinking (RB).

To compare the different blinking categories with themselves it is easier to leave out
the "always on" category. This is shown in Fig. 7.15. For the most dyes the FB cat-
egory dominates with 50% to over 90%. Indicating their suitability for cryo-SOFI. For
JF646ppg v and Star505pps v it is below 50%. The MSB and and RB categories domin-
ates for JF646pps v. For Star505ppg v all categories equally distributed. OGpps v has a
really low percentage of MSB and the highest percentage of RB. This might indicate that
it might be suitable for cryo-SMLM.
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Fig. 7.15. Only the FB, MSB and RB categories from Fig. 7.14 are shown and are
colour-coded: blue = FB, orange = MSB and yellow = RB. The FB category is the most
occurring category.

By combining the data from Fig. 7.12 with the data from Fig. 7.15 a new metric can be

calculated:
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Results 7.3. Categorization of organic dyes in vitrified PBS in comparison

G B = G)FE « NFB 1+ G5B « NMSB 1 G(1)RE « NFE (7.2)

with N the number of TPs in the category, G(7),,4 the mean value of the correlations
coefficient of the category and G(T):;Zigt hed 1o weighted mean value of the correlations
coefficient of all blinking categories.

This in shown in Fig. 7.16. The G(T)Z‘ZgE hed s close to G(T)amlLTPS. This suggest that
the influence of the non-blinking signals in the stack do not have a significant influence
on G(T)';‘,%LTPS and therefore either G(T)%ELTPS or G(T)‘r’:;eigt hed an be used to estimate the

4
suitability for cryo-SOFI.
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Fig. 7.16. Weighted mean of G(7),,4 of the ACs (Fig. 7.12) from all blinking categories
(Fig. 7.15). For this the percentage of the categories was used to calculate the mean of
G(7)m4 for all the blinking categories. Different blinking categories are colour-coded:
green = all TPs, red = weighted G(7),,4 of all blinking categories, blue = FB TPs, orange
= MSB TPs and yellow = RB TPs. The error bars show the SEM.
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Results 7.4. Determination of on and off times for the FB category

7.4. Determination of on and off times for the FB category

In this chapter the FB category is investigated further. From the preceding methods the
ton and ¢og can not be determined. Initially the threshold method from Béning et al.®®
used to determine the ¢,, and ¢, For this threefold standard deviation is used as a
threshold to determine when a molecule is considered in its on-state or off-state. One
example of this is shown in Fig. 7.17 and a zoom-in in Fig. 7.18. The developed Matlab

script also obtains the length of each on or off event.

180 I
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Fig. 7.17. One example TP from the FB category with the threshold of 3 standard
deviations drawn in. The temporal resolution is 10 ms.
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Fig. 7.18. One example TP from the FB category with the threshold of 3 standard
deviations drawn in. The temporal resolution is 10 ms.

To obtain the on-times and off-times from the on-frames and off-frames a biexponential
fitting on the on on-frames and off-frames was done. The resulting on-times and off-times

are shown in Tab. 7.1.

Tab. 7.1: On-time and off-times of Alexa647pps v determined by the threshold method.

The errors shows the standard deviation.
on ton toff toff
1 2 1 2
18.65 +0.94 60.1 +4.11 38.45+1.35 94.32 + 2.97

To confirm if the method is working properly and the obtained times are correct, a few
different TPs were simulated and the same workflow as for the experimental single mo-
lecule data was used to obtain the on-times and off-times from the simulated data. The

results are shown in Tab. 7.2.
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Results 7.4. Determination of on and off times for the FB category

Tab. 7.2: On-time and off-times of simulated TPs determined by the threshold method.
Two different sets of signal intensity Isgsna and background intensity Igg was used to
estimate the suitability of the method. The errors shows the standard deviation.

Isignal Igg t°" [ms] toff [ms]

input 60 7 20 50
output 244402 61.6+0.3
input 37 9 20 50
output 19.0 +0.3 83.7+0.3

For the first input parameters both times were overestimated by the threshold method.
If the signal to noise ratio (SNR) is worse the estimate for t°ff is getting worse. It shows
that the threshold method produces reliable results for the kind of TP where there is
only a single molecule with a clear FB behaviour. For molecules with a low signal to
noise ratio, this method can introduce a systematic error in the determination of the on-
and off-times as the noise might influence the detection of the on-states.

Instead of the threshold method a different method was developed. This new method use
different on-times, off-times, signal intensity and background intensity to simulate TPs.
The resulting intensity histograms are compared to the histograms of the measured TPs
to find the best fit. This method is here called "histogram fit method". One example of
the fit is shown in Fig. 7.19.
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Fig. 7.19. One example of the histogram fit method. Overlayed are the histogram of
fluorescence intensities from the measured TP (blue) and the histogram of the simulated
TP (orange).

The parameters of the histogram with the best fit were extracted to estimate ., and ¢
of the measured TPs. This was repeated for all the measured TP and for all investigated

dyes to obtain the average value for the parameters.
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Results 7.4. Determination of on and off times for the FB category
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Fig. 7.20. On- and off-times of the FB category of different dyes. #,, and ¢, determined
from the histogram method in light gray and dark gray, respectively. All of the ¢,, are in
the range of 6 to 32 ms and always smaller than ¢, which is between 22 and 79 ms. The
y-axis shows the time in ms. The error bars show the SEM.
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Fig. 7.21. OOR of the molecules of the FB category of all investigated dyes. The error
bars show the SEM.
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7.5. Investigation of the effect of different environments on blinking and fluctuating
Results fluorescent states for single Alexa Fluor 647 molecules

In Fig. 7.20 the determined ¢,, and ¢.¢ are shown for all investigated dyes in light gray
and dark gray t,, and ¢, respectively. For every dye ¢,, is smaller than ¢, and ranges
from approx. 6 to 32 ms. ¢, ranges from approx. 22 to 79 ms.

To achieve a better comparison of the dyes with each other regarding their suitability for
cryo-SR-FM, the on-off-ratio (OOR) can be used. The OOR gives the ratio of ¢,, and ¢
A small OOR is desirable since it means that ¢,, is smaller than ¢, which is beneficial
for SOFI and SMLM. The OOR is given by:

t
OOR=2 (7.3)
toff

The OOR of the molecules of the FB category of all investigated dyes are shown in
Fig. 7.21. For all investigated dyes, the OOR of the FB category are in the range of
0.3-0.5.

7.5. Investigation of the effect of different environments on
blinking and fluctuating fluorescent states for single

Alexa Fluor 647 molecules

In this section the influence of conditions, in this case the media in which they were
frozen and how they where frozen will be investigated. Those condition are non-vitrified
polyvinyl alcohol (PVA_nonV), non-vitrified PBS (PBS_nonV), vitrified PBS (PBS_V) and
vitrified heavy water PBS (dPBS_V).

PVA was chosen since it is a common medium used in spectroscopy. PBS is a common
buffer used in biological research and was therefore chosen as an environment for the

1.%9 showed

dyes that comes close to their actual usage for cellular imaging. Lee et a
that heavy water has a positive effect on the photo physics of dyes for room temperat-
ure (RT) SMLM methods. The fluorescence quantum yield is twice as high compared to
water, which leads to the detection of twice as many photons, and therefore leads to an
improvement of the mean localization precision.?® Since it is also biocompatible it was
also investigated. To examine if the ice arrangement of the frozen water molecules sur-
rounding the fluorophore has an impact on the blinking behaviour PBS_V was compared

to non-vitrified samples.

7.5.1. Autocorrelation based comparison of different environments for
Alexa Fluor 647 molecules
The G(1),4 comparison of the different Alexa647 conditions are shown in Fig. 7.22.

PVA_nonV stands out since all of its G(7),,4 are significantly higher than the other con-
ditions. For G(T)frilfps the other conditions are only aprox. 1/2 or 1/4 of it. For PVA_nonV
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Results fluorescent states for single Alexa Fluor 647 molecules
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Fig. 7.22. G(1);,4 of each category for all conditions in which Alexa647 was investigated.
Different blinking categories are colour-coded: green = all TPs, red = weighted G(7),,4 of
all blinking categories, blue = FB TPs, orange = MSB TPs and yellow = RB TPs. The
error bars show the SEM.

the G(T)Ziighted differs significantly from G(T)frELTPS. This suggest that there is a major
influence from the TPs which are not categorized as a clearly distinguishable blinking
category. Overall PBS_nonV has the lowest G(7),,4s off all conditions, only G(T)%EB of
PBS_V is lower. dPBS_Vs G(1),,4s are quite similar to dPBS_Vs. Only G(‘L’)%EB differs by

0.15 and there is no occurrence of the RB category in the performed measurements.
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Fig. 7.23. Ratio of G(1),,4 of each category to G(r)""m“4TPS for all conditions in which
Alexa647 was investigated. The different categories are colour-coded: blue = FB, orange
= MSB and yellow = RB. The error bars show the SEM.

In Fig. 7.23 the G(1),,4 ratios of each category to G(T)félfps are shown, as defined in
(7.1). G(1)FB. is close to 1 for all conditions but PVA_nonV. Additionally, G(r)% ffj for all

ratio

conditions are higher than PBS_V.
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7.5. Investigation of the effect of different environments on blinking and fluctuating
Results fluorescent states for single Alexa Fluor 647 molecules

7.5.2. Categorization comparison of Alexa Fluor 647 molecules in

different environments

In this section the influence of different environments on Alexa647 blinking behaviour

will be investigated.
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Fig. 7.24. Percentage of all categories from all conditions in which Alexa647 was
investigated. Different categories are colour-coded: gray = always on, blue = fast
blinking (FB), orange = multi state blinking (MSB), yellow = rare blinking (RB).

In Fig. 7.24 the percentage of all categories are shown. PVA_nonV has the lowest "always
on" percentage with aprox. 20% followed by dPBS_V with aprox. 30%. The other two
conditions are at 55-65%. In Fig. 7.25 only the FB, MSB and RB categories are shown.
PVA_nonV has the lowest percentage of FB but it still makes up the biggest part by just
a few percent. For the other conditions the FB category dominates with least 80% and

more.
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Fig. 7.25. FB, MSB and RB categories only from Fig. 7.24 are shown and are
colour-coded: blue = FB, orange = MSB and yellow = RB. The FB category is the most
occurring category.
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Results fluorescent states for single Alexa Fluor 647 molecules

7.5.3. Determination of on- and off-times of single Alexa Fluor 647

molecules for the FB category

The determined ¢,, and ¢, are shown in Fig. 7.26. Compared to PBS_V the ¢,, of the
other conditions are higher by 1-3 ms but given the error the difference is not significant.

tofr is for all the dyes in a similar range.
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Fig. 7.26. t,, and ¢t of the different conditions of Alexa647 determined from the
histogram method in light gray and dark gray, respectively. The y-axis shows the time in
ms. The error bars show the SEM.

In Fig. 7.27 the OOR are shown. Here PBS_V has the lowest OOR. The other conditions
are higher by at least 0.1 to 0.2. PBS_nonV has the highest OOR with 0.4.
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Fig. 7.27. OOR of the different conditions in which Alexa647 was investigated. The
error bars show the SEM.
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7.6. Influence of heavy water on photo-physics of organic
dyes

In the previous section it was shown that PVA had an influence on the photo physical be-
haviour of Alexa647, but since it can not be used with living cells an interesting biocom-
patible alternative could be heavy water. As shown above there is an influence on Al-
exab47 caused by heavy water on the photo physical properties. Lee et al.%% also showed
that heavy water had an positive influence on RT SMLM. The fluorescence quantum yield
is twice compared to water, therefore the detected photons are twice as many leading to
an improvement in mean localization precision.%? For this different dyes are compared
which were vitrified in normal PBS and PBS made with heavy water (dPBS).
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Fig. 7.28. G(1),4 of each category for all dyes made in PBS and dPBS. Different
blinking categories are colour-coded: green = all TPs, red = weighted G(7),,4 of all
blinking categories (defined in (7.2)), blue = FB TPs, orange = MSB TPs and yellow = RB
TPs. The error bars show the SEM.

In Fig. 7.28 the G(7),,4s of all the dyes made with dPBS ware shown. For Alexa647 the

G(7)m48 are quite similar. Only G(r)MSB

is nearly twice as high in dPBS and there is
no occurrence of the RB category but might be due to statistical inaccuracies, as also for
standard PBS the total number of RB events was relatively low. For Atto647 all G(T)MSB
is higher in dPBS. In most cases twice to thrice compared to PBS. G(T)nghm(1 differs by
double the G(T)*"llTPS Janelia525 shows a reduction of all G(T)%[EB. For G(T)*"mu4TPS it is
half of PBS, G(1 )Welgt °d js smaller by 0.05 and for G(7)BE it is smaller by 0.08. G(1)'B
has the most dramatic change with value of 1/5 of PBS. The effect of heavy water on OG
is mixed. G(T)';‘élfps and G(T)l\n/{f are reduced by a bit. G(T)Welghted on the other hand
increased a bit. A more dramatic change is seen by G(T)I'r; 2 Where it is reduced to 1/3 of
PBS and G(7)%® is doubled.

As shown in Fig. 7.29 there is a trend that the percentage of the "always on" molecules
increases strongly with the use of dPBS but Alexa647 where it reduces by half.

In Fig. 7.30 only the FB, MSB and RB categories are shown. For Alexa647 the MSB and

RB category reduces strongly. Atto647 contrastingly has an increase in the MSB and RB
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Fig. 7.29. Percentage of all categories for all dyes made in PBS and dPBS. Each bar
represent one dye. Different categories are colour-coded: gray = always on, blue = fast
blinking (FB), orange = multi state blinking (MSB), yellow = rare blinking (RB).
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Fig. 7.30. Only the FB, MSB and RB categories from Fig. 7.29 are shown and are
colour-coded: blue = FB, orange = MSB and yellow = RB. The FB category is the most
occurring category.
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category percentage, which is also true for Janelia525. For OG the FB category is similar
only the proportion between the MSB and RB category changes. MSB increase to the
same percentage as RB.
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Fig. 7.31. to, and ¢ of the FB categories of all dyes made in PBS and dPBS determined
from the histogram method in light gray and dark gray, respectively. The y-axis shows
the time in ms. The error bars show the SEM.

The t,, and ¢, of the FB categories of the investigated dyes determined by the histogram
method are shown in Fig. 7.31. For Alexa647 no clear change in t,, and ¢, can be
observed if taking the error into account. For Atto647 and Janelia525 an increase for
both ¢,, and ¢, can be observed. Only for OG there is a trend that both ¢,, and ¢,
decreases. Overall, taking the error margins into account, the observed on- and off-times
for the FB category seem to be not substantially influenced by using dPBS instead of
standard PBS.
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Fig. 7.32. OOR of all dyes made in PBS and dPBS. The error bars show the SEM.

In Fig. 7.32 the OOR of the investigated dyes made with standard PBS and heavy water

PBS is shown. The OOR of most showed no clear change and lies within the error mar-
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gins. Only Atto647 showed an increase of the OOR. Even though ¢,, and t,¢ of Atto647

increase as shown above, the difference between them is decreasing.

7.7. Qualitative analysis of multiple fluorescent states in

individual single molecule time traces

In this chapter some specific molecules are analysed individually. This shows that the
even though categorization might give a good overview and an easy way to characterize
a dye, the molecules are more dynamic and complex if studied in detail.

In Fig. 7.33 the effect of different temporal binning is shown. For this a part from a TP

from one Alexa647py 4 molecule was chosen as an example. The TP starts at 50 s into

nonV
the measurement. The original TP with an integration time of 10 ms is shown in the top
panel. Three distinct sections can be observed: From the beginning of the time profile up
to 70 s, from 70 s to 90 s and from 90 s to 100 s. In the first section the blinking behaviour
is that of the FB category, spending more time in the off-state then in the on-state. At
around 70 s it switches to an FB like behaviour where the molecule is mostly in the on-
state and turns off occasionally but still considered fast blinking. In the third section the
molecule switches back to FB, with the molecule spending more time in the off-state then
in the on state. However, compared to the first section the frequency of swiching into the
on-states is higher. The constant intensity level of the on-state in all three sections and
the returning to the background level in the off-switching, even for the second section,
indicate that the TP indeed originates from only one molecule.

In the middle panel of Fig. 7.33 the same TP cut-out is shown with a 100 ms time bin-
ning. Here, the fast blinking in the first section looks like background with noise with
a short on-state (similar to the RB category) at around 57s. The second sections looks
like the molecule turned into an on-state until it switches into an intermediate state in
the third section where the intensity is fluctuating between a level that is higher than
the background level in first section and an intensity level in the on state that is lower
than the plateau in the second section. If the 10 ms time resolution data would not be
available, one might conclude from the 100 ms binned TP that the intensity behaviour
is originating from two (or more) molecules, as especially the change from the first to
the second section looks like the result of a second molecule switching into the on-state.
In the bottom the same panel of Fig. 7.33 TP cut-out is shown with a 1s time binning.
The first section looks more and more like background, with the on-state peaks visible
in the 100 ms binning merged into one peak. The second section section is now just one
continuous on state and the last section an appears like an intermediate state. Similar
to the considerations for the 100 ms binning, Looking at this TP alone one would most
likely assume that this is the result of two molecules where in the first section both are

mainly in the off-state, in the second section both molecules in the on-state and in the
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third section only one molecule in the on-state.
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Fig. 7.33. Differently binned time profiles of one Alexa647pya,  molecule. The time
profile starts at 50 s into the measurement. Top: Original time profile with an
integration time of 10 ms. Three distinct sections can be observed: From the beginning
of the time profile up to 70 s, from 70 s to 90 s and from 90 s to 100 s. Middle and bottom:

The same time profile cut-out with a 100 ms and 1 s time binning, respectively.

In Fig. 7.34 a TP from one Alexa647pps v molecule from the RB category is shown. With
the same arguments as for the above discussed molecule, the TP at 10 ms temporal res-

olution shows that it is the result of a single molecule. Different sections of the TP are
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marked which show changes in the blinking behaviour. The different sections are dis-
cussed in detail in Fig. 7.34, Fig. 7.35, Fig. 7.36, Fig. 7.37 and Fig. 7.38.
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Fig. 7.34. TP of one Alexa647pps_v molecule from the RB category. On closer inspection
different blinking behaviour can be observed in this one continuous recording of

100 seconds, which shows that the blinking behaviour is not limited to one category and
can change over time. The integration time is 10 ms.

In Fig. 7.35 the first 9.5 seconds (section A) are shown. In the first 4.5 seconds the
molecule is in a FB like behaviour where the molecule is more in the on-state than in
the off-state. After that it changes into the RB category, where it mainly remains in the

off-state and only occasionally switches into the on-state.
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Fig. 7.35. Showing section A from Fig. 7.34. Here, in the first 4.5 seconds the molecule
is in a mostly on-state, which would correspond to the FB category. Off-switching to the
background level is observed. At around 4.5 seconds the behaviour changes to the RB
category.
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The section B is shown in Fig. 7.36 and includes the time range from 40 to 44 seconds.
Like in the beginning of the TP it shows a FB like behaviour where the molecule is more
in the on-state. At the beginning the off-state occurs less often and the molecule is more
often in the on-state. Over the time span of 30 s the frequency of the off-states increases
and the molecule tends to be less in the on-state. In orange the TP is shown with a time
bin of 200 ms and shows the same section of the TP. In this figure it is possible the to see
the decrease in average intensity over the time span showing the change in on and off-
state ratio. In the lower temporal resolution a slowly decreasing intensity is observable.

Looking at the 10 ms temporal resolution the on and off-states can be clearly seen.
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Fig. 7.36. Showing section B from Fig. 7.34 with two different time binnings. In blue the
original integration time of 10 ms is shown, in orange 200 ms. It is possible to see that
the frequency of the off-states increases leading to a drop in the average intensity which
is clearly seen in the higher binning time color-coded in orange.

In Fig. 7.37 FB behaviour can be seen but with the difference that it tends to be more in
the off-state.

Section D of the TP is shown in Fig. 7.38. In this section the molecules behaves like the
second half of section A (Fig. 7.35) where it is mostly in the off-state and is similar to the
FB and RB category.
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Fig. 7.37. Showing section C from Fig. 7.34. This section shows blinking behaviour the
FB category but it tends to be more in the off-state.
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Fig. 7.38. Showing section D from Fig. 7.34. The last section of the time profile looks
like the last half of section A, which is dominated by the off-state. The on-states are
short but not as often and lies between FB and RB category.
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7.8. Qualitative analysis of changes in single molecule

switching on a time interval of hours

To see how the blinking behaviour of single molecules over a much longer time period
(hours range) behaves and how intensity changes on the s-min range are connected to
ms blinking/fluctuations, Alexa647pps v was measured in the bespoke setup by Julian

Falckenhayn. Two TPs are shown representatively in Fig. 7.39 and Fig. 7.41.
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Fig. 7.39. TP from one Alexa647pps v molecule over a time interval of 800 s. It shows a
cut-out of a 35 min recording. After the switching at around 380 seconds the molecule
did not change until the end of the recording. The integration time is 10 ms.

In Fig. 7.39 a TP of one molecule is shown where two different behaviours can be ob-
served. The two boxes shows similar behaviour. FB with a high intensity over a time
range of 90 seconds and 200 seconds. In Fig. 7.40 a zoom in from the transition at the
end of the second box is shown. In the high intensity section the FB behaviour can be

clearly observed and switched off afterwards.
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Fig. 7.40. Zoom in of the Alexa647ppgs v molecule shown in Fig. 7.39. The transition
from the on-state with FB behaviour to the off-state can be clearly seen. The integration
time is 10 ms.

In Fig. 7.41 a TP of a Alexa647 molecule with a different blinking behaviour is shown.

In the first 100 s the molecule is in an "always on" state with an intensity of aprox. 100
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Fig. 7.41. TP from one Alexa647pgs v molecule over a time interval of 1200 s with a
different blinking behaviour from the previous one in Fig. 7.39. It shows a cut-out of a
35 min recording. After about 1200 seconds the molecule switched into an off-state and
did not switched back for the rest of the recording. The integration time is 10 ms.

to 200 photons. Which is about half the intensity of the following on-states. In this first
section FB behaviour can be observed. If the measurement would be only 100 s long as the
measurements for the quantitative characterization, it would be regarded as always on.
Which means, that the shorter measurements can only show a "snapshot" of the TP and
the molecule might be much more dynamic in its blinking behaviour. After this section for
about 300 seconds the molecule is in an off-state. At the end of this section the molecule
changes into a RB behaviour with intensities up to 200 photons. After this it changes into
a different on-state. This on-state has a higher intensity of up to 500. From 400 to 800 s
changes in the transition rates between an- and off-state can be observed. Additional,
there are intermediate intensity levels at 150 and 300 photons. Those intermediate states
could be caused by the low temporal resolution. If the transition rate is faster than the
temporal resolution the intensity looks like it is averaged. Between around 800 and 900 s
it changes to a RB behaviour but with higher intensities of up to 400 photons. Between
around 900 and 1100 s it changes into an on-state with rare off-switching until it changes

back into an off-state for the rest of the recording.

7.9. UV recovery of different organic dye molecules

To investigate whether fluorescent molecules, which have transitioned to a long-lived off-
state, can be actively brought back to the ground state to re-enter the fluorescence cycle,
additional studies whether there is any photo reactivation/recovery by UV irradiation
were made. For this Atto647 samples were plunge frozen on Protochips C-Flat copper
grids with holey carbon. The samples were irradiated with 640 nm at 100 W/cm? and
additional 405 nm at 10 and 20 W/cm? respectively for 1 second for recovery of the dye
molecule. This was repeated for a recording time of 10 minutes. The collected series

were post processed by a Matlab script which detected the UV irradiation and removed
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these frames from the time series to compare single molecule blinking before and after.
Afterwards all recorded and preprocessed TPs of individual fluorophores were collected
and were analysed with another Matlab script which detects if each of the individual UV
irradiation pulse activated or deactivated the fluorophores or had no effect. All the used
Matlab scripts described above were developed as part of this thesis. The results of this

analysis is shown in Tab. 7.3.

Tab. 7.3: UV recovery analysis of single Atto647 molecules in vitrified PBS. The data
was generated from one grid from different grid squares. Each laser intensity was
measured twice. The numbers shows the occurrence of on-switching and off-switching
events as well as events that showed no observable effect on the fluorophores.
10 W/cm? 10 W/em? 20 Wem? 20 W/em?
on-switching 15 (1.2 %) 25 (1.5 %) 14 (1.0%) 2 (0.48%)
no effect 1211 (97.6 %) 1567 (96.5 %) 1323 (97.5%) 406 (98.3%)
off-switching 15 (1.2 %) 32 (2.0 %) 20 (1.5%) 5 (1.2%)
sum 1241 1624 1357 413

Most of the time the UV laser had no observable effect on the fluorophores and they
remained on the same intensity level. The second most event was the switching off of
the fluorophore which happened around 1-2 % of the time. A positive on-switching event
were the least probable with around 1 %.

It was further investigated if fluorophores show a different switching behaviour if they
are switch-able at all. To determine if a molecule is switch-able or not the intensity before
and after the UV irradiation pules were compared. If a change in intensity after each UV
pules could be detected it was labelled as "switched on", "switch off" or "no effect" if no
change in intensity was detected. Another Matlab script used this labelling to sort the
fluorophores whether the switched at least once during the recording and all the UV
pulses for this molecule are considered. The statistics shown for those are shown in

Tab. 7.4.

Tab. 7.4: UV recovery analysis of Atto647 molecules in vitrified PBS of only switch-able
fluorophores. The data was generated from one grid from different grid squares. Each
laser intensity was measured twice. The numbers shows the occurrence of on-switching
and off-switching events as well as events that showed no observable effect on the
fluorophores.

10 W/em? 10 W/em? 20 W/cm? 20 W/cm?
on-switching 15 (2.0 %) 25 (2.1 %) 14 (1.4%) 2 (1.1%)
no effect 739 (96.1%) 1161 (95.3%) 969 (96.6%) 170 (96.0%)
off-switching f 15 (2.0 %) 32 (2.6 %) 20 (2.0%) 5 (2.8%)
sum 769 1218 1003 177

As one can see from the numbers about 96 % of the time the UV laser had no effect on the

fluorophores.
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Lastly, we have to check if the activation behaviour changes after it has been switched
once. This is different to the investigation above, because for this only the UV pulses

after the molecule has been switched on or off are considered are shown in Tab. 7.5

Tab. 7.5: UV recovery analysis of Atto647 molecules in vitrified PBS after they have
been switched once before. Only the UV pulses after the switch are considered. The data
was generated from one grid from different grid squares. Each laser intensity was
measured twice. The numbers shows the occurrence of on-switching and off-switching
events as well as no observable effect on the fluorophores.
10 W/cm? 10 W/em? 20 W/cm? 20 W/cm?
on-switching 7 (1.3 %) 20 (2.0 %) 8 (1.4 %) 3 (2.8 %)
no effect 538 (97.1 %) 976 (96.4 %) 544 (97.0%) 101 (93.5 %)
off-switching f 9 (1.6 %) 16 (1.6 %) 9 (1.6 %) 4 (3.7 %)
sum 554 1012 561 108
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7.10. Using fast fluorescence fluctuations for
super-resolution cryo-FM imaging of shigella labelled
with Alexa Fluor 647

In collaboration with Jelena Jeremic from the group of Michael Kolbe (CSSB Hamburg)
Alexa647 was used in a biological application to demonstrate the usability of fluores-
cence blinking/fluctuations on the 10 ms time scale for super-resolution cryo-FM imaging
in vitrified samples. The type 3 secretion system (T3SS) of shigella was modified to en-
able antibodies conjugated with Alexa647 to target them. The targeted region lies on
the outside of the membrane. After the labelling the shigella were chemically fixed and

plunge frozen shortly afterwards. The recordings were done with the same parameters

as the single molecule investigation. In Fig. 7.42 one example of a shigella labelled with
Alexa647 vitrified in PBS is shown.

conventional cryo-FM

0 cryo-SOFI (XC3 + deconv)

Fig. 7.42. Cryo-SOF1I of AF647-1abelled T3SS in Shigella. Left: Overlay of reflected light
image (greyscale) and fluorescence signals (magenta) of Alexa647-labelled T3SS in
Shigella. Right: Comparison of conventional cryo-FM and super-resolution cryo-FM
(cryo-SOFT 3rd order cross-correlation including additional deconvolution).

On the left the overlay of reflected light and fluorescence signals of a Alexa647-labelled
T3SS is shown. On the right a zoom-in of the shigella highlighted on the left show-
ing a conventional cryo-FM image and a super-resolution cryo-FM in comparison. The
super-resolution image was generated by a cryo-SOFI 3rd order cross-correlation includ-
ing additional deconvolution. The background in the cryo-SOFI image is reduced and the
resolution enhanced. Conventional cryo-FM show in the middle of the shigella only one
spot whereas the cryo-SOFT signal shows to spots which are close to each other but still

distinguishable.
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7.11. Investigation of blinking in "super blinking
nanoparticles”

Zong et al.”% have described a rather simple procedure for synthetizing bio-compatible
fluorescent "super blinking" nanoparticles (SBN) composed of multiple organic dyes and
show at ambient temperatures that these nanoparticles have a different (more favourable
for super-resolution FM) blinking characterstic than the sum of the indivividual dyes in
one particle. In the bachelor thesis of Brian Jessen’! conceived and co-supervised by me,
SBN were investigated for its suitability for cryo super-resolution imaging. The synthesis
is based on the publication of Zong et al.”’ They synthesised nanoparticles out of BSA
with dye molecule conjugated to the BSA. The SBN could be successfully synthesised
yielding 18,3 nm and 24,6 nm particles.

Absoprtion [a.u.]

300 400 500 600 700 800
Wavelength[nm]

Fig. 7.43. Absorption spectra from pure Alexax647 color-coded in black, pure BSA
color-coded in red and the synthesised SBN with Alexa647. The pure BSA nanoparticles
without dyes are color-coded in brown, SNB; color-coded with purple at RT and cyan at
cryogenic conditions, SBNs color-coded in blue at RT and ochre at cryogenic conditions.
The other curves are not further examined in this thesis. The values are normalized.
Modified from Jessen.”!

In Fig. 7.43 the absorption spectra of pure Alexax647, pure BSA and the synthesised
SBN; and SBNy with Alexa647 are shown. The BSA concentration of SBNy was double
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that of SBN. For more detailed information on the samples refer to the bachelor thesis of
Jessen.”’ Compared to BSA which has a peak at around 380 nm the SBNs have additional
peaks at around 450 nm and 530 nm. Those additional peaks also appear in pure BSA
nanoparticles synthesized without Alexa647. The difference to the other samples are
apparent in zoom-in to the wavelength around 650 nm in Fig. 7.43. Only the pure BSA

nanoparticles show no peak at around 650 nm.

Tab. 7.6: t,, and t, of SBN doted with Alexa647 at different temperatures.

Sample ton [ms] ¢,7r [ms]
Room temperature = SBN; 61.3 120
SBN, 113 55.0
Cryogenic conditions SBN; 20.0 115
SBNs 69.4 46.3

As shown in Tab. 7.6 a change in ¢,, and t,77 can be observed. To obtain the ¢,, and ¢,
the histogram method was used. For sample 005 ¢,, decreases to 1/3 and for sample 009

ton nearly halved. ¢,7¢ for both samples do not change much in cryo.

7.12. Investigation of blinking and bleaching of fluorescent

proteins in vitrified cells

In the master thesis of Nayab Majid Chaudhry,’? which I co-supervised, fluorescent pro-
teins (FPs) in cells under cryogenic conditions were investigated. For this the cells were
grown on TEM grids and were vitrified to preserve the cells in a near native state. Since
it is more difficult in a cellular context to be certain if only one protein is investigated
Cahudhrys thesis focused on the investigation of the behaviour in an ensemble. Notably
three FPs are shown in this thesis.

First the photobleaching of the red FP mScarlet was investigated. For this the cell was
observed for 3 hours. In the first 60 minutes the cell was continuously irradiated with a
561 nm laser with an intensity of 100 W/cm?. Followed by 60 minutes of no exposure to
the laser. Afterwards, the cell were irradiate for 30 minutes to see if the FPs recovered
in the dark. After that, the cell was simultaneously irradiate by the 561 nm and 405 nm
laser (100 W/cm?) to see if the UV can recover any fluorescence. To measure the bleach-
ing several time series of 1,000 frames with an integration time of 100 ms were recorded.
Each time series was summed up to obtain the intensity for one time point. The meas-
urements are shown in Fig. 7.44 A.

For the first section shown Fig. 7.44 A the half life is 8 + 2 minutes. Neither the 60
minutes of darkness nor the additional 405 nm laser could recover the fluorescence in-
tensity. Only additional photobleaching was observed during the 405 nm laser irradi-

ation.
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Fig. 7.44. Photobleaching measurement of the investigated FPs. A: mScarlet, shows of
the complete measurement over 3 hours with a period of darkness of 60 minutes in the
middle of the measurement. The used wavelength was 561 nm. The last 30 minutes a
405 nm laser was additionally. B: mEmerald. The same irradiation scheme like
mScarlet. Used wave length for excitation was 488 nm and 405 for additional
irradiation. C: emiRPF670. D: miRFP670nano. E: miRFP703. Only photobleaching

measuring over a time range of 60 minutes for C, D and E. Used wavelength was
640 nm. Modified from Chaudhry.”?
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Next the photobleaching of one of the first green FPs mEmerald is investigated with
the same parameter as mScarlet and is shown in Fig. 7.44 B. The cell was illuminated
with a 488 nm laser. In the first 60 minutes the fluorescence intensity exponentially
decreases with a half life of 2.7+ 0.1 minutes which is shorter than that of mScarlet.
Like mScarlet there was no fluorescence intensity recovery after 60 minutes of darkness.
Upon the additional irradiation of the cell with 405 nm there appears to be an increase
in fluorescence intensity which also decreases exponentially.

For the measurement of photobleaching of the near-infrared FPs emiRFP670 which re-
quires the cofactor biliverdin for fluorescence, miRFP670nano and miRFP703 the record-
ing parameters were different. Each time series consist of 5,000 frames with an integra-
tion time of 20ms. A 640 nm laser was used to irradiate the cells. The measurement is
shown in Fig. 7.44 C, D and E respectively. The bleaching behaviour of the three near-
infrared FPs were similar. The half life was much longer than that of the two FPs before
with 94 + 3 minutes, 79 + 2 minutes and 79 + 5 minutes for emiRFP640, miRFP670nano
and miRFP703 respectively.

Additionally to the bleaching experiments, the blinking behaviour of the five FPs was
also investigated based on cryo-SOFI measurements in the master thesis of Chaudhry.
For mScarlet no blinking was observed. For mEmerald on the other hand, blinking with
on-states which are 6 + 4 seconds long could be observed. For emiRFP670 even longer
on-states of 20 + 5 seconds with a higher blinking frequency after approximately 55
minutes of irradiation was observed. The observed on-states for miRFP670nano was
24 + 6 seconds. For miRFP703 no observation of blinking could be made. Regarding
the suitability for cryo-SOFI only mScarlet and mEmerald fluorescence fluctuation was
observed that was also observable in the AC curves. For the RFPs no final assertion of
fluorescence fluctuation could be made since the measurement made during the master

thesis were to noise and the microscope was not stable enough.
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8. Discussion

8.1. Autocorrelation and category analysis of blinking and

fluctuating fluorescent states in single organic dyes

To achieve a resolution enhancement the blinking and fluctuating fluorescent states have
a crucial impact on the resulting enhanced image. Studying the autocorrelation of the
time profiles (TPs) under cryogenic conditions gives an insight on the suitability of the
dyes for cryogenic single molecule localization microscopy (cryo-SMLM) and cryogenic
super-resolution optical fluctuation imaging (cryo-SOFI). For cryo-SOFI the temporal
fluctuation of the fluorescence intensity is important to obtain resolution enhancement.
Only fluctuating or blinking fluorophores will have a high correlation and contribute to
the enhanced image. Noise or constant fluorescence is not correlated and therefore will
only indirectly contribute as noise in the final SOFI image. As seen in Fig. 7.1 there are
a lot of different AC behaviours and they contribute to a varying degree to the image. It
could be shown that is possible to differentiate the TPs by their blinking behaviour. The
resulting AC curves behave similar to each other in their respective categories as shown
in Fig. 7.7, Fig. 7.8 and Fig. 7.11. All AC curves of the FB category have strong compon-
ents of a typical AC curve of molecules of the FB category. They show a high correlation
in the 10 ms range which agrees with the observed on- and off-states in the 10 ms rage in
the TPs.

The MSB category can show two different AC curve behaviours depending on the TPs as
shown in Fig. 7.9 and Fig. 7.10. Both have a high correlation and both will contribute to
the image since the mean value of the correlations coefficient G(7),,4 of the first four 7,
which is used in the cryo-SOFI image reconstruction, are contributing to the brightness
of the pixel. This leads to two different classes in the MSB category which have different
contribution to pixel brightness. From G(7),,4 it is not possible to discern if it is a result
from multiple fluorophores or from a more pronounced of blinking of a single molecule.
Looking at the RB category there are two different possibility of AC curves. With a higher
number of blinking events the correlation also increases which is observable in Fig. 7.11.
If the number of blinking events is low the AC will be also low since there is not a lot
of events for the AC to correlate with. This behaviour would be suitable for cryo-SMLM
since SMLM utilises distinct on-states and off-states.

There is a high number of molecules which were considered in the analysis workflow
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8.1. Autocorrelation and category analysis of blinking and fluctuating fluorescent states
Discussion in single organic dyes

developed in this thesis as "always on" and were not included in the AC analysis. But
since they are also in the image and will influence the quality of the enhanced image. In

Fig. 8.1 only the AC curves resulting from TPs considered as "always on" are shown.

G,(r)

7 (ms)

Fig. 8.1. AC curves of all TPs for Alexa647pps v which are considered in the analysis
workflow as "always on". Different AC behaviour can be seen, ranging from fast
declining AC curves (indicating FB) to long plateaus (indicating long on-times (¢,,)), but
also including AC curves fluctuating around 0 (indicating no blinking or switching). The
logarithmic x-axis shows 7 in ms. The temporal resolution is 10 ms.

The same AC behaviour from the other categories can be observed. The fast declining
ACs like in the FB category, the plateaus like in the MSB and RB category and also AC
curves with no correlation fluctuation around 0. It would be expected that the "always
on" molecules would have a correlation close to zero since the molecule would only stay
in their on-state. This is not the case, since the dyes are "always on" in regard of the
threshold method where the fluorescence intensity stays above the threshold and do not
switch off. But the molecules still can fluctuate in the on-state and therefore will have
a correlation which is not 0. This shows that these TPs which are not possible to ana-
lyse in this workflow developed in thesis also contribute to the SOFI image and should
be further investigated in future works. Additionally, there is a need to do more repe-
tition of the samples to have a better statistical basis. Also, the ¢,, and ¢, could be
determined directly from the AC curves if the temporal resolution of the camera would
be higher removing the need to use a computational expensive and indirect method like
the histogram fit method Sec. 7.4 to calculate the ., and ¢

An ideal fluorophore for cryo-SOFI would have only one kind of blinking behaviour, be-
cause their AC curves would look similar and would produce a homogeneous image. In
reality and shown in this thesis there are different blinking behaviours observable for
one type of fluorescent molecule.

Only looking at the G(7);,4, Alexa647pya nonv has the highest correlation in all categor-

ies. The G(1),,4 between the categories are quite different. For this dye, FB produces
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8.2. Qualitative analysis of multiple fluorescent states in individual single molecule
Discussion time traces

the lowest correlation values and MSB and RB are more than double the value. But
looking at the percentage the FB category dominates the blinking category and therefore
one can assume that the resulting image would be quite homogeneous in its brightness
distribution.

Since the FB category has the highest percentage for most of dyes, Alexa647pya nonv,
Alexa647pps v and Alexa6474pps v would be the most suitable dye and solvent combin-
ation for homogeneous cryo-SOFI images. For the other dyes except Janelia646pgs v,
OGpgs_v and Star505pps v the G(7)n,4 for the blinking categories are quite similar and
therefore would result in good cryo-SOFI images.

For Janelia646pps v, OGpps_ v and Star505pgs v the distribution of the blinking categor-
ies are equal. Combined with the strongly varying G(7),,4, which would result in stronger
brightness variability in the resulting SOFI image; the results for those three dyes indic-
ated that they might not be best suited for cryo-SOFI. For cryo-SMLM on the other hand
a higher number of molecules showing MSB or RB behaviour is better.

In the end, the blinking behaviour is complex and one dye does not only have one partic-
ular blinking behaviour but several which all contribute to the blinking behaviour. The
analysis showed that even the TPs which could not be properly analysed in this thesis
contribute to the cryo-SOFI image. With the AC and category analysis it was possible
to distinguish between dyes which are suitable for cryo-SOFI, cryo-SMLM, or both. Fur-
ther insight into the blinking behaviour could be obtained with a detector with higher

temporal resolution.

8.2. Qualitative analysis of multiple fluorescent states in

individual single molecule time traces

To get a better understanding of the blinking behaviour some TPs were further stud-
ied. This could not be automated in this thesis since it was out of scope to develop an
algorithm which could distinguish between the different blinking behaviours. Looking
at molecules in detail their TPs do not have only one blinking behaviour but might shift
between different ones. As shown in Fig. 7.33 a shift in the off-times can be observed
which leads to two different FB behaviours. The length of the on-frames typically does
not change which is more apparent in Fig. 7.36. These changes in blinking behaviour
make it hard to developed an automated analysis workflow. Since the algorithm has to
detect the different blinking behaviour and than analysis the on- and off-states. Addi-
tionally, it was observed that the molecules show a faster blinking behaviour in tens of
milliseconds scale at the same time as the long term blinking behaviour in the second to
minutes time scale. Even though the molecule was in the "off-state" in the long term data
fluorescence fluctuation could still be observed. Since both blinking behaviours, the fast

blinking and the long term blinking, one dye is sufficient to obtain a "moderate" super-
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Discussion 8.3. Determination of on and off times for the FB category

resolution enhancement with cryo-SOFI in the range of about 135nm®* with only a few
minutes of recording or a nanometre spatial resolution with several hours of recording
with cryo-SMLM.

An even higher temporal resolution would further enable the investigation of states that
appear as higher intensity states states like in the beginning of the TP shown in Fig. 7.5.
Overall the blinking behaviour in one TP can change during the acquisition time. It was
found that the on-states did not change their length but rather the off-states changes
their length. Furthermore, it was observed that the molecules exhibit fast blinking and
long term blinking at the same which which can both can be utilised for cryo-SOFI and
cryo-SMLM and can be chosen depending on how high the resolution enhancement needs
to be.

8.3. Determination of on and off times for the FB category

The histogram fit method, which was developed in this thesis to extract the lifetimes of

¢on toff

on- and off-states, is an indirect method to estimate and since it needs to sim-
ulate the TPs, calculate their histograms and than compare it to the histograms of the
measured TPs and will repeat it for each collected TP. This method is more reliable than
the threshold based method from Béning et al.%® - based on an exponential fit of the
on- or off-time histogram to determine the times - since the signal to noise ratio (SNR)
with this setup, the used fluorophores and sample preparation conditions is often too low
and therefore prone to a systematic error. The overestimation of °ff for low SNR lies in
the nature of the method. Since the threshold is calculated as the threefold standard
deviation of the background, weak signals might get overshadowed by noise. #°" might
get estimated correctly since the length of the on-states stays the same but are more
rarely detected since the on-state have to be bright enough to be detected. Because of
the "missed" on-state the off-states appears to be longer therefore the overestimation of

t°f. Boning et al. determined for Alexa647pya nonv @ t°" = 6.6 ms and t‘iff = 2.5ms and

t‘2’ff = 34.8 ms with a laser intensity of 1kW/cm?. The determined times in this thesis
using the same threshold method yielded " = 18.8 £ 1.1ms, 3" = 92.3 + 4.6 ms and
t‘iff =49.0 + 1.4ms and t‘2’ff = 253.5 + 7.9ms. The used laser intensity was 100 W/cm?2,
which is ten times smaller than the intensity used by Boning et al. The additional time
results from an additional exponential function in the fit of the on- of off-time histogram
which suggest that there are at least two transition rates into the bright and dark state
respectively which governs the blinking behaviour of the molecules. This method can de-
termine more than one exponential function but the low SNR introduce a systemic error
as mentioned above limit its precision to determine the off-times. With the histogram
fit method ™ = 9.1 + 1.0ms and ¢°f 22.6 + 2.1 ms were determined which is in much
better agreement with the times determined by Boning et al. For this method only one

on- and off-time was calculated since I could not successfully implemented an algorithm
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Discussion 8.4. Influence of heavy water on photo-physics of organic dyes

to introduce two times for on- and off-times. With a faster detector the on- and off-times
could be directly determined by the exponential fit based method. The algorithm from
Marcel Leuteneggers’s sofiSimulate®’ used to simulate the TPs and their calculated
histogram was modified to take into account read noise. Another possibility to estimate
£ and ¢°ff would be to fit the AC curves with a Monte Carlo approach like in the thesis

t’3 which was co-supervised by me.

from Brand
Since the on-times and off-times themselves are not a good benchmark to estimate the
suitability for cryo-SMLM the on-off-ratio is used. Atto647pps v has the lowest on-off-
ratio of the investigated dyes and therefore would be the most suitable for cryo-SMLM.

In the end, the histogram fit method can only be used to estimate the times since it only
can simulate one on-time and off-time and also only one transition rate. But the data
indicates that there are at least 2 on-times and therefore there have to be at least 2
different transition rates. Also the on-state have a broader intensity distribution that
could not be simulated in the scope of this thesis. A detector with a higher temporal

resolution would enable a direct determination of the on- and off-times.

8.4. Influence of heavy water on photo-physics of organic
dyes

Even though PVA showed an improvement of G(7),,4 and reduced the amount of "always
on" molecules, it is not suitable for live cell applications and therefore not compatible
with cryo-immobilization of biological specimens with a focus on highest structural pre-
servation or the compatibility with cryo-EM. Therefore, an alternative was investigated
which in principle might have the possibility to change the photophysics of the dyes and
is also biocompatible. Lee et al.%® showed in their publication that heavy water have
positive effect on RT super-resolution methods. The oxazine fluorophores had an fluor-
escence quantum yield twice as high compared to water and the fluorescence life time
increased. A higher quantum yield leads to more photons which in turn leads to a higher
localization precision. Looking at the four dyes investigated in heavy water under cryo-
genic conditions, there is no clear trend regarding the AC analysis. Alexa647 showed
nearly no change. The AC curves increased for Atto647, decreased for Janelia525 and
OG have a mixture of increase and decrease in G(7);,4. Only Atto647 showed a posit-
ive change in AC curves. Only for Alexa647 the "always on" molecules decreased, the
FB category increased and the two other categories decreased, whereas the other dyes
behaves inversely: the "always on" part increased, the FB category decreased and the
MSB category increased. There is also no pattern for ¢,, and ¢,,. For Alexa647, Atto647
and Janelia525 ¢,, and ¢, increases. For OG both times decrease. Regarding the OOR
there is only a significant increase for Atto647. Overall, heavy water do not change the

behaviour of the dyes in a common way. Only Atto647 had a positive change regarding
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Discussion 8.5. UV recovery of different organic dye molecules

the AC and for Alexa647 in the blinking categories. The G(7),,4 of Atto647 doubled for
all TPs, FB and MSB category, the mean of all blinking molecules is 4 times higher and

the RB category tripled. For the other dyes a decrease in all aspects was observed.

8.5. UV recovery of different organic dye molecules

Some molecules can be recovered from the dark state by using UV irradiation. In this
thesis the UV recovery of Atto647 in cryogenic conditions was investigated representat-
ively which normally do not show UV recovery at ambient conditions. Additionally to
the other investigations, the UV recovery of Atto647 in cryogenic conditions was studied.
There was no or very small evidence found that Atto647 molecules could be recovered
with UV irradiation after each 10 seconds of 640 nm laser irradiation. Only about 1-2%
showed photo switching in either states. Even if only the molecules which showed any
switching are considered most of the time there was no effect cause by the UV irradiation.
There might be some really fast activation processes which are faster than 10 ms which
we can not detect since the integration time we used is 10ms. But even though the
activation would be so short or low in intensity that we could not detect it with our setup.
Also, other dyes have to be investigated since they might have different photophysics
leading to UV recovery.

8.6. Using fast fluorescence fluctuations for super-resolution
cryo-FM imaging of shigella labelled with Alexa Fluor
647

It could be shown that the fast fluorescence fluctuations observed in single Alexa647
molecules can be used for cryo-SOFI and enable a resolution enhancement even with a
short recording time of the sample. Alexa647 and most other organic dyes are not cell
permeable in living cells which limits their usability for structures inside cells. Oregon
Green, Janelia Fluor and silicon rhodamine on the hand are organic dyes which are call
permeable and need further investigation which could not be done in the scope of this
thesis. Additionally, the microenvironment in the cells are different and might have
an influence on the blinking behaviour of the dyes as shown in the investigation with
different environment for Alexa647 with non-vitrified PVA, non-vitrified PBS, vitrified
PBS, and with vitrified PBS made with heavy water. Furthermore, investigations with
"super-blinking nanoparticles" also suggest that the environment changes the blinking
behaviour. Additionally, there might be changes in the photo physics when the dye is
conjugated to an antibody and/or conjugated to a bacteria, which needs to be further

investigated.
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Discussion 8.7. Investigation of blinking in "super blinking nanoparticles"

To investigate if Alexa647 conjugated to an secondary antibody targeting a primary an-
tibody for the type 3 secrection system, chemically fixed vitrified shigella were investig-
ated under cryogenic conditions. Fast blinking was observed in the shigella samples and
a resolution enhancement with the cryo-SOFT algorithm could be achieved as shown in
Fig. 7.42.

8.7. Investigation of blinking in "super blinking

nanoparticles”

To further investigate if the dyes studied in this thesis showed a different blinking beha-
viour in a microenvironment of BSA nanoparticles Brian Jessen successfully synthesised
"super blinking nanoparticles" (SBN) with different parameters after Zong et al.”® A
strong decrease of t,, by 1/3 or 1/2 at low temperature could be observed compared to
room temperature. SBN; has an OOR of 0.17 compared to 1.50 from SBNy which has
twice the BSA concentration. Therefore, SBN; is usable for cryo-SMLM. The higher
number of fluorescent dyes in on SBN create a much higher blinking frequency enabling
a faster and better localization of the SBN compared to individual Alexa647 molecules
since a higher number of photons and on- and off-states can be recorded in a shorter
time. This is especially interesting if the individual dye only have unsatisfactory blink-
ing behaviour for SMLM."? Jessen could show that the SBN had an positive influence on
the blinking behaviour which made them more attractive for the use in cryo-SMLM even
though it comes with the size limitation of the nanoparticles. Further investigations are

needed to study the influence of the microenvironment on the blinking behaviour.

8.8. Investigation of blinking and bleaching of fluorescent

proteins in vitrified cells

A different class of fluorophores which were not covered in the scope of thesis are fluor-
escent proteins (FPs) which was investigated by Nayab Majid Chaudhry. GFP already
showed super resolution capabilities™ at ambient conditions but no systemic study for
cryogenic conditions were done. For her thesis she investigated the FPs in vitrified cells
at an ensemble level and single molecule level. The investigation of FPs under cryo
conditions showed that all the FPs instigated show exponential photobleaching. For mS-
carlet and mEmerald it was in the range of 8+ 2 minutes and 2.7+ 0.1 minutes and for
the far red FPs emiRFP670, miRFP670nano and miRFP703 it was 94 + 3 minutes, 79
+ 2 minutes and 79 + 5 minutes, respectively. No trend for the photobleaching could
be observed since data from the group suggest that mCherry is also slowly photobleach-

ing. mScarlet only show fluctuation in the fluorescence intensity and no blinking beyond
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that making it only suitable for cryo-SOFI application. emiRFP670 on the other showed
only blinking behaviour and no fast fluctuation of the fluorescence intensity making it
suitable for cryo-SMLM but not cryo-SOFI. Lastly, mEmerald show fluctuation of the
fluorescence intensity and showed blinking which making it suitable for both, cryo-SOFI
and cryo-SMLM. Chaudhry could successfully investigate the FPs on their suitability for
cryo-SOFI and cryo-SMLM. Still, more detailed investigation on the blinking behaviour
of the FPs need to be done.
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Conclusion

9. Conclusion

In this thesis a work flow to characterise fluorescent molecules at low temperatures was
successfully developed. The developed algorithm and software automates the process as
much as possible. The investigation of organic dyes showed that all of the dyes show
fluorescence fluctuation which can be utilized by cryo-SOFT to achieve a resolution en-
hancement. Detailed investigation of some TPs revealed that the length of the on-states
does not change. On the contrary the length of the off-states can change during the
time series leading to a change in blinking frequency. Additionally, fast blinking and
long term blinking was observed at the same time which enables the use of either cryo-
SOFT or cryo-SMLM depending on the desired spatial resolution and time at hand. With
the indirect histogram fit method the on- and off-times of the dyes could be determined
which can be used as estimate. A detector with higher temporal resolution is needed
to directly determine the on- and off-times especially since there are more than one on-
and off-times which other measurements in this thesis has shown. The investigation of
the UV recovery for Atto647 showed no significant recovery. Further dyes have to be
investigated to gain a more complete image. It was also found that the environment of
the dyes changes the blinking behaviour. PVA showed the highest positive effect on the
cryo-SOFTI suitability but PVA is not a suitable medium for live cells. Heavy water on
the other hand is biocompatible but showed only a positive change for Atto647 in its suit-
ability for cryo-SOFIT and for Alexa647 had more favourable blinking behaviour category
for cryo-SOFI. The other dyes showed no positive change in the blinking behaviour in
heavy water. Furthermore, Alexa647 was successfully used to label chemically fixed vit-
rified shigella to obtain a resolution enhanced cryo-SOFI image. The investigation of this
thesis gives more insight in the photophysics of fluorescent organic dyes and fluorescent
proteins leading to a better understanding and ultimately an improvement in resolution

in cryo super-resolution microscopy.
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10. Outlook

This thesis started the investigation on some fundamental properties of fluorescent dyes
but also found some limitations which limited more precise and direct determination of
properties. With this work some resolution improvement already can be achieved espe-
cially the flexibility to use one dye for both, cryo-SOFI and cryo-SMLM with any change
in the samples.

A detector with higher temporal resolution in the sub millisecond to milliseconds range
would enable the direct determination of the on- and off-times of the dyes and possible
enable the construction of model of the blinking behaviour. Also, it would be possible
to investigate the change in off-times during of a single molecule. To further automate
the analysis more elaborate algorithm can be developed to also include the time profiles
which could not be analysed in the scope of this thesis.

Generally the influence of UV irradiation on live cells have to further investigated since
the UV excites a number of different proteins in the cell. Additionally, more heat could
be produced in the cell especially with dyes with a higher Stokes-shift, which might heat
up the sample that one or two water molecule might move. This would not be a problem
at shorter recording time but for longer time scales (days) this might be a problem.

If further dyes would be investigated it might be possible to might some predictions on
the blinking behaviour based on the structure of the fluorescent molecules. And based
on this knowledge new fluorophores could be designed taken into account the blinking

behaviour found for the investigated dyes.
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