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1 Summary

1.1 Introduction

Florescence has been the subject and also a tool in scientific research
for multiple centuries. The energy difference between the absorbed and
emitted photon’s energy (which is called Stokes-shift) can be used in
the microscope as a contrast-enhancing technique. But this energy dif-
ference can also emerge in a negative relation. This process is called
anti-Stokes fluorescence, and before completion the missing energy has
to be provided to the fluorophore. This can be a second photon or ther-
mal energy. In the latter case we call the process hot-band absorption.

In a microscope the image can be formed using point-scanning or
widefield imaging. Using imaging techniques a problem arises, which
is related to the wave nature of light, which renders the achievable
resolution finite and restricts the discrimination of two neighbouring
fluorophores. This minimal lateral distance is ≈ 300nm, which is given
by the Rayleigh criterion. To break this limit many tricks and realized
technique had to be applied.

Resolution enhancing techniques which take advantage of optical
tricks and the photophysical and photochemical properties of fluores-
cent dyes can be labelled as super-resolution. The first technique which
satisfied these criterion was STED which uses the stimulated emission
and a point-scanning imaging mode. In widefield multiple similar tech-
niques were implemented in 2006 and later a common collective name
was given: singe-molecule localization microscopy, or SMLM for short.
The PALM technique is based on the use of fluorescently inactive,
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but switchable proteins. A similar technique, the GSDIM takes ad-
vantage of the photophysics (triplet states) of some organic fluorescent
dyes, while dSTORM takes advantage of the photochemistry (long
dark states). The end result is the same for all three: spatially and
temporally separated switching events to which the Rayleigh-criterion
does not apply. By fitting the differentiated fluorophores with the
point spread function, the location of the maximum value is obtain-
able within a pixel. This microscope technique is photon limited, thus
the location determination’s precision depends on the signal-to-noise
ratio. The goodness of a fit can be calculated from the Thompson-
formula [1], while the resolution is obtainable as a blind estimate from
the the expected value of the standard deviation [2]. The final image
can be reconstructed using software based solutions in a pointillist
style, using only the coordinates with the highest localisation pre-
cision. We developed two software packages, TestSTORM[B4] and
rainSTORM[S4], to simulate the switching mechanism, to analyse
the recorded frame stack, and to reconstruct the super-resolved image.

The SMLM techniques can be expanded to obtain an excess infor-
mation above the fluorophores xy coordinates. 3D astigmatism is the
most widely used modality to extract the third spatial coordinate. The
point spread function modification is introduced via cylindrical lens in
the detector pathway. It is modified to be elliptical above and below
the focal plane and also asymmetric to the focal plane. The z coor-
dinate can be deducted using the ratio of the two axes of the fitted
point spread function. A second method is the 3D bi-plane modal-
ity. Here the detector path is separated into two, with a slight length
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difference between the paths. This creates two separate focal planes.
The third coordinate can be deduced by measuring the size of the two
images. In a similar manner the image can be splitted using a polar-
ization beamsplitter cube, a Wollaston-prism or a birefringent-wedge
[B3]. By determining the intensity ratio of the two images the fluo-
rophores dipole orientation can be determined or it’s uncertainty to
calculate the anisotropy for each single source. The spectral separa-
tion of fluorescent dyes is achievable with the use of specially selected
dichroic mirror and emission filters. Following the previous theme, the
fluorescent dyes excited with the same laser source but with a differ-
ent Stokes-shift can be separated by measuring the intensity in the two
spectral channels. Using a dispersion element (prism or grating) the
image can be spectrally resolved. This way the emission spectrum can
be directly determined. The problem with these PSF modifications
are, that each can degrade the achievable resolution by lowering the
number of photons-per-pixel or by introducing PSF distortions.

1.2 Objectives and methods

To overcome this issue, my research goal was to design new experi-
ment arrangements and to implement new measurement modalities in
SMLM techniques, which preserve the lateral localization precision
and resolution. These measurement modes should be easily applicable
on an existing microscope system. The achieved new scientific results
were published in three international, referred journals, and I summa-
rize them in four thesis points.

To conduct the experiments, I used the AdOptIm researchgroup’s
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dSTORM–CLSM–FLIM microscope. I also participated in the con-
struction and in multiple reconstruction of the said microscope. The
required measurement were carried out using these three techniques.

1.3 New scientific results

T1 To demonstrate the hot-band absorption properties of Alexa Fluor
568; wavelength dependence, spectral properties, temperature depen-
dence, and fluorescent lifetime was measured. The measurements were
preformed in a comparative style on the well-known Rhodamine 101
and on Alexa Fluor 568, which is a widely used organic dye in single-
molecule localization microscopy. Based on these results I concluded
that the Alexa Fluor 568 is a hot-band absorbing dye, which was
previously not known in the scientific literature. Finally I proposed
possible applications regarding the use of the anti-Stokes fluorescence
in dSTORM and EPI measurements (autofluorescence-free imaging,
structure marker, lateral drift estimation and local temperature sens-
ing). [A3, S5]

T2 A new dual-objective optical imaging system with a Porro-prism
was designed and modelled using optical ray-tracing software. The
proposed optical design collects the photons which were not used in
image formation, and makes them usable in the form of a real object
for the microscope. In oslo optical simulation software I prepared the
two imaging arm model to simulate the formation of the two images,
furthermore the obtained point spread functions were compared in
the focal plane and in axial projection. I showed, that the proposed
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layout is suitable for to be used in single molecule detection based
measurement techniques. [A1,P3-5]

T3 I upgraded a single-molecule localization microscope with my
self-designed dual-objective imaging system with Porro-prism to en-
hance the photon collection from the sample and to facilitate the ap-
plication of modalities during measurements. I worked out the pair-
finding for the dual-objective arrangement and built two 3D-, one
dipole orientation- and one multicolour modality. With the application
of each modality I made dSTORM measurements on fruitfly indirect
flight muscle myofibrill samples and fluorescent beads to test the ar-
rangement’s usability and to prove the preservation of the localization
precision. [A1, C1, P6-7, S2, S6]

T4 I performed dSTORM measurements to characterize fruitfly in-
direct flight muscle protein structure. To speed up the data processing
I automatized the localization and the reconstruction process. In the
myofibrill three distribution type were classified ("double line", "single
line", "gap") to group the 35 examined protein structure. To evalu-
ate these a new classifier software was developed, which extracts the
characteristic parameters from the raw data. [A2, S3-4]
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