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Zusammenfassung

Moderne �uoreszenz Mikroskope sind nicht mehr durch Beugung in ihrer erreichbaren
Au�ösung beschränkt. Diese Eigenschaft erhöht ihren Ein�uss auf die Bildgebung von
zellbiologischen Objekten. Die vorliegende Arbeit befasst sich mit Verfahren, die die
Eigenschaften dieser modernen Mikroskope wesentlich verbessern. Exemplarisch an
stimulated emission depletion (STED) Mikroskopie wird der Ein�uss des Schaltmusters
für die Au�ösungserhöhung und die detektierbaren Photonen durch die Nutzung eines
spatial light modulators (SLM) optimiert. Mit diesem programmierbaren Werkzeug
wird eine nie dagewesene Flexibilität und Qualität des Schaltmusters erreicht. Weiter-
hin wurde zur e�zienten Abbildung von lebenden Proben mit STED ein schnelles lokal
adaptives Strahlscanverfahren entwickelt, welches die Abbildungszeit um ein vielfaches
verkürzt und dabei gleichzeitig die Probe schont ohne an Bildqualität einzubüÿen.
Dieses Konzept wurde um ein weiteres neuartiges lokal adaptives Beleuchtungsverfahren
erweitert, welches das Bleichen und phototoxische Wirkungen in den Proben um ein
vielfaches reduziert. Der Schutz der Probe nimmt interessanter Weise mit der Au-
�ösung des Mikroskops zu. Die Kombination der neuen adaptiven Verfahren erlaubt
die Beobachtung schneller Lebensprozesse und ermöglicht 3D Aufnahmen, die bislang
durch zu rasches Bleichen verhindert wurden.

Abstract

Modern �uorescence far-�eld microscopes are not resolution limited by di�raction, any-
more. This property increases the impact of these microscopes for cell-biological imag-
ing. This thesis covers methods, that considerably improve the quality of ensemble
scanning microscopes, a subclass of modern �uorescence microscopes. The in�uence of
the PSF is optimized with a spatial light modulator (SLM) in case of stimulated emission
depletion (STED) microscopy to increase the resolution and the signal noise ratio of the
microscope. Together with a novel error correction routine the SLM provides unrivaled
�exibility and quality for the generated STED-PSF. Furthermore, a new adaptive beam
scanning pattern is proposed, which shortens image acquisition time and simultaneously
reduces illumination load of the sample with else unimpaired image quality. This con-
cept is extended by another novel locally adaptive illumination method, which reduces
photo bleaching, dark state transitions and phototoxic e�ects several factors. These
e�ects are further decreased with better resolution. A combination of these adaptive
methods enables unprecedented scan times for imaging of fast dynamic processes and
enables 3D STED images previously frustrated by photo bleaching.
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1 Introduction to far-�eld optical

microscopy

1.1 Major advancements in optical far-�eld

microscopy

Cell biology aims at getting a deeper understanding of life. New insights into
cellular procedures are essential to understand and cure major diseases such as
cancer or Alzheimer leading to a better and longer life for human kind. Since
components of and interactions within the cell can not be observed by the naked
eye, the application of tools is necessary. This interest in the microcosm triggered
the development of the �rst optical far-�eld microscope by Hans and Sacharias
Jansen, which represents the cornerstone for still ongoing research in the �eld of
microscope development. Hereby, the far-�eld light microscope holds a notable
position compared to other microscopic techniques such as Atomic Force Micro-
scopes (AFM) [1] or Electron Microscopes (EM) [2, 3], because optical far-�eld
microscopes are capable to observe structures and processes inside living cells.
The �rst optical microscopes were hindered by their poor contrast, which was
based on absorption and re�ection. This �aw experienced steady progress over
the decades by developments such as the phase contrast by Zernike [4] or the
dark �eld microscopy [5]. The major breakthrough was however the introduction
of �uorescence, which provides a completely di�erent approach for contrast gen-
eration.
Fluorescence is the spontaneous emission of a photon by a �uorophore after the
absorption of a photon with a shorter wavelength due to solvent relaxation and
fast radiation-less vibrational relaxation of the �uorochrome in the excited state
the energy of the emitted photon is shifted to lower energy relative to the energy
of the absorbed photon. This energy loss is strongly dye dependent and called
after its discoverer: Stokes shift [6]. The Stokes shift hereby allows the separa-
tion of the contrast generating signal and the excitation light by the use of simple
dichroic mirrors or optical �lters (see �g. 1.1 and �g. 1.3). Since �uorophores
can stain distinct structures of the cell the usage of them o�ers the possibility to
produce contrast independent of absorption or refraction index variations. This
concept of �uorophores as contrast agent was greatly enhanced by the invention of
immuno �uorescence labeling and the discovery of �uorescence proteins as mark-
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ers [7]. With the aid of �uorescent proteins, speci�c proteins inside the living
cell can be labeled and imaged [8]. In general, the immuno �uorescence labeling
uses organic dyes with a primary-secondary antibody binding to the protein of
interest. This procedure has several advantages. The labeled site as well as the
dye can be changed by just replacing the primary or the secondary antibody re-
spectively. Additionally, several secondary antibodies can bind on each primary
antibody. This enhances the signal and therefore the contrast. The other major
labeling technique is the use of �uorescence proteins. A cell line can be trans-
fected to produce a �uorescent protein connected to the protein of interest. This
way, an immuno-labeling of the cell is not necessary anymore. By using dyes or
�uorescent proteins with di�erent excitation and/or emission spectra more than
one structure can be detected simultaneously. Therefore interactions and localiza-
tions can be measured with respect to each other. The attributes of a �uorescent
molecule depend strongly on its environment. Several other techniques use this
characteristic to collect further information about the labeled protein structures,
for example Fluorescence LIfetime Microscopy (FLIM) [9], Fluorescence Reso-
nance Energy Transfer (FRET) [10], Fluorescence Recovery After Photo bleach-
ing (FRAP) [11, 12] and Fluorescence Correlation Spectroscopy (FCS) [13, 14].
Although all these inventions provided more speci�city and contrast to struc-
tures of interest the remaining weak elements of far-�eld light microscopy were
its di�raction limited excitation spot and the wide �eld detection. The invention
of the laser, high performance detection devices like the Photon Multiplier Tube
(PMT) and computational data processing made the confocal microscope, �rst
proposed by Minsky possible [15]. This microscope represents the �rst step to
overcome this remaining limitation of optical far-�eld microscopy.

1.2 Image formation in confocal microscopy

techniques

Contrast generation as the most important aspect in image formation

One of the key domains of �uorescence microscopy is the imaging of biologi-
cal structures. To distinguish structures inside a sample the contrast of these
structures is the major attribute. It is commonly generated by the di�erence of
photon counts in the miscellaneous areas of the image. Other attributes of light
such as polarization or wavelength can also be used.
A higher contrast is equivalent to higher spatial information of the object of
interest. Structures cannot be resolved, if the generated contrast becomes too
low. The Rayleigh criterion de�nes the minimum contrast at which point two
point-like objects are still resolvable as 25% [16]. The resulting smallest distance
between two objects still ful�lling the Rayleigh criterion is de�ned as resolution
of the imaging system. Although the term resolution is de�ned arbitrarily it rep-
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resents a good assumption of the spatial information which can be gained using
a certain imaging instrument. The resolution represents no exact barrier of what
can be resolved or not. It would not even be of relevance for an ideal imaging
system with no sources of noise and in�nite measurement time. Nevertheless real
optical imaging systems are challenged by noise. Especially optical microscopes
su�er from intrinsic Poisson noise.

The link between contrast and the PSF
One possibility to increase the contrast in �uorescence microscopy is to reduce
the volume emitting the detected photons. This circumstance can be proven by
the Contrast Transfer Function (CTF) [17] and is of greatest interest for optical
microscopy as presented in the following.
The transformation of a point like object by an imaging system is described by
its point spread function (PSF). This function denotes the illumination of the
sample with hexc(x) and the detection of photons out of the illuminated volume
with hdet(x). Assuming a linear dependency between the excitation intensity
and the emitted incoherent �uorescence an e�ective PSF heff (x) for the entire
detection process can be de�ned by:

heff (x̄) = hdet (x̄)hexc (x̄) . (1.1)

The smallest possible extension of hexc as well as hdet is limited due to the
wave nature of light. Hence, also the contrast of an optical system is limited.
Abbe described this restriction �rst in 1887 [18]. In his extensive work about
microscopy he showed, that the smallest possible size of a light spot produced by
a lens is given by:

∆x,∆y ≈ λ

2n sinα
=

λ

2NA

∆z ≈ λ

2n sin2 (α/2)
(1.2)

where λ is the used wavelength, n the refractive index, α the semi-aperture angle
and NA the numerical aperture of the objective lens. ∆x, ∆y and ∆z represent
the Full Width at Half Maximum (FWHM) of the PSF in the focal plane and
the axial direction of the microscope, respectively.

Today's objective lenses feature NAs up to 1.5 corresponding to semi-aperture
angles of about 70°. Further improvement is restricted by the lack of usable
materials and by geometrical limits. In practice the wavelength is limited to
the visible spectrum above 400nm since ultra-violet (UV) light has a phototoxic
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The size of one Airy is exactly the diameter of the �rst minimum ring of the hexc

in the focal plane. This setting allows 80% of the �uorescence to pass through
the pinhole and signi�cantly improves the contrast along the axial direction of
the microscope. For the �st time 3D sectioning of cell structures with di�raction
limited resolution became possible.

The major handicap which was introduced by the pinhole is that only one
volume element of the sample is registered per time. The digital representation
of this volume element is called pixel for two dimensional (2D) images and voxel
in case of 3D scans. Classically, the image is reconstructed in a sequential way.
For this case the PSF must be scanned through the sample or vise versa pixel by
pixel. The time during which light is detected from each volume element is called
the pixel dwell time (dT). The image is reconstructed out of all pixels/voxels.
The pixel/voxel sampling of the specimen must be spatially dense enough to
ful�ll the Nyquist-Shannon theorem [21, 22]. For larger �eld of views (FOV)
the scan time increases quadratically for 2D images and by the power of three
for 3D scans respectively. Several concepts exist for accelerating the scanning
process [23]. However, until today even the most advanced of these techniques
cannot fully combine the advantages of the confocal point scanning setup and
the image registration speed of a wide-�eld microscope. On the other hand
sequential registration comes along with the advantage that highly e�cient and
fast detectors can be engaged. Systems like the PMT or the Avalanche Photo
Diode (APD) provide high quantum e�ciencies (QE), high illumination linearity
and very high read-out speeds. The confocal microscope is still the gold standard
for cell biology and is the vintage point for many new concepts (see next section).

1.3 Breaking the di�raction limit

The introduction of multi-photon [24�27] and 4-pi microscopy [28] extended the
confocal concept. Multi-photon microscopy renders the confocal pinhole redun-
dant as excitation is restricted to a very con�ned depth inside the sample. This
selective excitation reduces the bleaching of the �uorophores in the out of focus
regions [27]
In 4pi microscopy, a second objective lens is placed opposing the original lens for
coherent illumination of the sample and therefore e�ectively doubling the NA.
Foremost the axial direction pro�ts from the 4pi concept by increased resolutions
down to 100nm [29]. Still, the di�raction limit prohibits substantially higher
resolutions for both microscopes.

The nanoscopy concept
Not until the invention of the STimulated Emission Depletion (STED) micro-
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scope by Hell and Wichmann 1994 the link between resolution and e�ective PSF
extension was broken [30]. This was the birth of a new concept in microscopy
enabling new insides into cell biology [31�36].
The new concept, known as nanoscopy, relies on the dye itself to enable higher
resolutions. The reason why two spherical objects cannot be resolved is that
both are in the same indistinguishable state and the produced signals overlap
too much. In contrast they become resolvable if they are in di�erent detectable
states, say A and B. The microscope must therefore provide a way to control
these two states. During the detection of object one in "signal-giving" state A
it must ensured that the remaining objects in the di�raction limited volume are
in "dark" state B. Hence, the signal produced from the object in state A can be
discriminated against the signal of all other objects in state B. By sequentially
switching all objects between the states A and B, the complete volume can be
registered. Di�raction itself is not limiting anymore for the generation of the
image contrast.
Depending on the read-out method, the states A and B, as well as the established
control of the states di�erent methods were introduced (see �g. 1.2) [37].

STED microscopy
STED can be sorted into the family of REversible Saturable OpticaL (Fluores-
cent) Transition (RESOLFT) techniques [38�40]. Another example is Ground
State Depletion (GSD) [41, 42]. Exemplary for all RESOLFT techniques, the
mode of operation of STED is explained in detail in the following, since all
measurements in this thesis are directly related to STED microscopy. STED
uses the �uorescent and non-�uorescent state of a �uorophore as state A and
B respectively. These are the S1 (�rst excited state, �uorescent, A) and the S0
(ground state, non-�uorescent, B) state. Today's STED microscopes are based
on confocal microscopes. Besides the excitation beam, which transfers the dye
from B to A, a second depletion beam has to be implemented, which controls
the transition back from A to B (see �g. 1.3a,b). The intensity distribution
of this stimulated emission beam features a minimum located at the position
xzero. Typically, STED setups apply a doughnut shaped intensity pro�le with a
zero at the middle for 2D and a hollow sphere for 3D resolution enhancements
(see �g. 1.3b) [43�45]. Both patterns are arbitrary since other shapes such as
strips are also possible. The stimulated emission generates photons with lower
energy than the �uorescence photons. Hence, these photons do not disturb the
detection of state A. The control patterns are scanned sequentially through the
sample. At each pixel/voxel the excitation transfers all �uorophores inside the
di�raction limited volume into state A, followed directly by a STED beam, which
transfers all dyes which are not located at xzero into state B. Hence, all detected
photons must have been originated from the location xzero. This concept is
called ensemble switching, as more than one �uorophore can be located inside
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Figure 1.2: Overview of commonly used nanoscopy techniques. They are
sorted on the left side to their switching mechanism and their read-out modal-
ity to the right. In each group further discriminations are possible mainly by
the actually used transition between the state A and B (adapted from [37]).

the non depleted volume and therefore contribute to the photon signal. The size
of this volume and therefore the resolution depends mainly on the e�ciency of
the transition from state A to state B. A more theoretical approach bases on the
rate equation for the state A in areas outside xzero

NA

dt
≈ σ1IexcNB − σ2ISTEDNA, (1.4)

where NA,B represents the population of each state, Iexc and ISTED represents
the excitation and depletion intensity, and σ1,2 depicts the cross section of the
�uorophores for absorption of a excitation or a depletion photon respectively.
This di�erential equation demonstrates that the e�ciency of the depletion tran-
sition can be increased by higher STED intensities or a higher cross section for
the depletion transition.
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with high power beams is reasonable well compatible with live cell measurements
[48]. Still, an excited �uorophore hit by a STED photon has a certain probability
to bleach, mainly through the triplet channel [49]. In this case, not only the
energy remains inside the specimen but the dye cannot further contribute to the
signal.
A phase mask or a phase modulation element such as the spatial light modulator
(SLM) shapes the actual intensity distribution of the STED PSF. An imperfect
implementation of the minimum limits the maximal achievable resolution and
contrast, since the depletion transition would deplete also �uorophores which
located at xzero in such a case resulting in less detectable signal from state A (see
chapter 2) [46].

Di�erent nanoscopy concept in comparison
Instead of the ensemble read-out technique with its confocal approach a stochastic
read-out employing wide-�eld detection can be performed. It ensures sequential
detection inside each di�raction limited volume by sparse illumination. This
illumination must ensure that in each illumination PSF volume only one single
dye molecule is turned to state A per detection cycle. By collecting su�cient
photons of this single marker the position can be localized with high accuracy
[50]. Localization of single events has been widely used before. Triggered by
the discovery of new �uorescent proteins [51] the localization resolution becomes
possible for imaging by sequentially detecting each dye molecule by the use of
several wide-�eld images and a later reconstruction of all localized marker into
one image. Till today several tricks where implemented to ensure a sequential
stochastic read-out [52�54]. Each stochastic method as well as all RESOLFT
methods has its own advantages and disadvantages.
In the case of RESOLFT, the position of the �uorescence is con�ned by the
applied pattern which has to be scanned over the specimen. Small FOVs can
therefore be scanned very fast, enabling the measurement of rapid dynamics
inside living cells [36]. Due to the switching pattern and the confocal nature of
detection 3D resolution enhanced nanoscopic images are possible [45]. Combined
with 4pi microscopy, the ensemble technique delivers even isotropic high resolu-
tion 3D images [44].
STED can use conventional dyes and has the advantage to tune its resolution by
the depletion beam intensity (see chapter 3). However the scan process contains
certain disadvantages like long image acquisition times for large FOVs and a
high number of excitation and depletion cycles of each �uorescent molecule (see
chapter 3 and 4).
The stochastic methods record the complete specimen but only a fraction of
the dye molecules per switching process. A common way to prevent redundant
registration in the same reconstructed high resolution image is to bleach the
�uorophore during the localization, which can lead to sparse sample feature
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representations in repetitive scans. As 2D detectors become faster these methods
will gain linear until the �uorescence lifetime of the dye becomes limiting. How-
ever, very high resolutions can only be achieved with very stable dyes because
not the applied laser power controls the resolution but the number of collected
photons. The achieved resolution depends on the number of photons collected.

1.4 The adaptive concepts for STED microscopy

STED microscopy is a rapidly growing �eld of research. Designed as an imaging
instrument for cell biology its key bene�t is the higher resolution compared to
confocal microscopy by else equal conditions. However, the �eld of applications
of most of today's STED microscopes is limited by the used hardware and in-
trinsic attributes of STED. Foremost, as mentioned before, the quality and the
shape of the minimum of the STED depletion pattern have a major impact
on the performance of the system [46, 47]. A corrupt implementation of the
minimum reduces the number of collectable photons and the resolution of the
system. Precisely �uorescence images of rapid dynamic movements and imaging
of �uorescent proteins needs the maximum achievable contrast and resolution for
later biological interpretation of the recorded images.
The common way to introduce a minimum inside the STED PSF is by interference
e�ects introduced into the beam by phase masks. Static patterns cannot com-
pensate for the errors of the rest of the system or even the errors introduced by
themselves. Hence, an investigation of spatial light modulators (SLM) as phase
pattern generators for STED microscopy is performed in the following chapter.
These devices are freely programmable and provide therefore the possibility to
apply arbitrary phase masks and to pre-compensate for setup aberrations. Using
such a device provides the freedom to test new phase masks with very little e�ort.
Yet, the quality of commercially available SLMs renders them useless for STED
phase mask generation. Hence, an novel error correction process is proposed
and evaluated (see chapter 2). For the �rst time, the usability of such an error
correction is demonstrated at STED measurements.

Besides the optimal STED resolution performance the image acquisition speed
is another major factor for the usefulness in biological applications. The obser-
vation of fast dynamic processes and 3D structures of living cells are the most
important �elds of application for a far-�eld microscope. A STED setup based
on a stage scanner cannot deliver the necessary image acquisition speeds. Re-
cent publications introduced beam scanning concepts for STED microscopy and
demonstrated the advantages of such an approach [34�36].
For the �rst time, a beam scanner for STED based on galvanometers is presented
in chapter 3, which delivers the highest ever announced image acquisition speed



12 1 Introduction to far-�eld optical microscopy

for biological samples. The scanner provides this high performance by using a
novel adaptive scan pattern approach, which does not decrease the image quality
compared to a normal scan. This approach can only be applied in ensemble
switching high resolution microscopy. Besides the image acquisition time re-
duction, demonstrated by a factor of 13 compared to a normal galvanometer
scanner, the adaptive beam scanner reduces the light dose applied to the sample
and therefore reducing bleaching and dark state transitions of the �uorophores.

However, even high resolution and image acquisition speed are useless if the
�uorophore is photo bleached or phototoxicity introduces artifacts during the
image registration. Therefore, the in�uence of illumination regarding photo
bleaching and dark state transitions is a major topic of ongoing research [55�59].
Repetitive and 3D scans as well as the usage of �uorescent proteins, call for low
bleaching image registration methods. Actual STED systems need many more
excitation and depletion cycles for image creation than a for example a stochastic
read-out microscope. These switching cycles are closely related to bleaching and
dark-state transitions (see chapter 4). Hence, the idea behind the adaptive beam
scanning was transferred to an adaptive dT measurement in chapter 4. There,
a novel approach is presented to reduce the total number of switching cycles
needed for image generation. This method reduces the switching fatigue of the
�uorophores thereby reducing the photo bleaching up to a factor of 12 compared
to a normal STED scan and enabling 3D measurements of biological samples.

The resulting STED microscope provides an adjustable high quality STED inten-
sity pattern. In combination with the newly proposed adaptive beam scanner the
methods enable �elds of biological relevant applications for high resolution STED
imaging, which are otherwise not possible to achieve. In addition, the introduced
adaptive beam scanning STED and the adaptive reduction of the switching cycles
can be combined also with other methods to deliver an image acquisition speed
and a bleaching behavior which is even outperforming a confocal microscope.



2 Adaptive STED-PSF creation

2.1 SLMs for STED microscopy

The last chapter emphasized the major role of the PSF with respect to the mi-
croscope performance (see section 1.2). In case of STED microscopy the form of
the depletion PSF and the quality of its minimum greatly in�uences the e�ective
PSF of the microscope (see section 1.3). Regarding these circumstances it is of
great interest to have a device, which gives control over the STED PSF. With the
spatial light modulator (SLM) this chapter will introduce such a device. Since
the wave front exactness of most SLMs is unacceptable for STED PSF creation,
a procedure is implemented to correct for erroneous phase generation and give
rise to programmable aberration free depletion patterns.

The use of SLMs in STED microscopy
The so far introduced ensemble switching high resolution microscopy needs a
control pattern with a minimum located at xzero. The shape and quality of the
minimum is essential for the performance of the microscope. In case the produced
intensity pro�le is asymmetric or even the minimum is substantially worse than
1% the e�ective PSF becomes asymmetric accordingly and with it the maximal
�uorescence signal and the resolution of the system [60, 61].
The intensity pattern for actual STED microscopes is generated by imprinting a
phase pattern onto the depletion beam of microscope. Most conventional phase
masks are made of vapor deposited structures on glass or tilted coplanar glass
plates depending on the phase mask structure[45]. The creation of more complex
phase structures is conjunct with considerable e�orts to minimize the introduced
wavefront errors [62].
Adaptive optics represents an alternative to conventional phase masks. Since
some of these devices can produce any spatial phase shift mask they are conve-
nient for phase mask testing and additionally provides the opportunity to correct
for optical aberrations of the STED beam [63�67] .

Major criterions for SLMs
The devices usable for phase mask generation can be categorized in two major
classes. One of them consists of deformable mirrors (DM), which apply actuators
beneath a �exible mirror to control the position of the surface with respect to
the neighbor actuators [67]. The other class consists out of liquid crystal (LC)
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devices.
Besides intensity modulating LC SLMs mainly used for holographic illumination
[68], phase only modulating LC SLMs are commercially available [69]. For an
easier understanding the term SLM classi�es just phase only modulating LC
SLM in the further work.
DMs have certain advantages over SLMs as they have a higher �ll-factor, faster
update rates and they can introduce larger phase shifts. Nevertheless, the rel-
atively low number of interdependent actuators makes them less attractive for
STED phase mask generation [70]. Instead, SLMs provide a very high number
of actuators in form of mostly independent pixels. In case of a common SLM the
LCs are aligned in parallel and an applied voltage leads to an according refractive
index variation [69]. In total the single phase shifts introduced per pixel form a
phase mask for coherent light.
In this work SLMs from two di�erent suppliers were analyzed. The SLMs are
based on di�erent techniques. One uses a continuous LC layer which is optically
structured by a back illuminated intensity pattern which in turn is generated by
a LCD display. The image is cleared of high frequencies to suppress ringing from
di�raction patterns. The advantage of concept is a very high �ll-factor compared
to SLMs of other vendors. Yet, the incompatibility to produce sharp phase steps,
respectively high frequencies can hinder the generation of certain phase masks.
The other used group of SLMs analyzed applies the classical concept of LCDs to
LC cells with parallel aligned crystals. Hence, the SLM provides a higher update
speed to around 30Hz instead of 1Hz and has no problems with sharp edges.
According to the thin �lm transistor (TFT) concept these SLMs provide only a
�ll factor of around 84% and produce di�raction patterns.

The needed error correction process
Both device classes often provide not the necessary wavefront exactness for ef-
fective depletion pattern generation, as the typical wavefront error is not better
than λ/4. In the past years several methods for error correcting SLMs were
proposed [62, 71]. Foremost, the method presented by Xun et al. provided a
pixel wise calibration of the SLM for the complete usable phase range [72].
Firstly, this calibration method is greatly enhanced by combining it with a
polynomial �t algorithm. Furthermore, the exactness of the error correction
according to phase shifting interferometer is increased by a factor of around 2.
These advancements made it possible to apply the error correction to enable
STED measurements with unrivaled resolution [73, 74]. Further on, the newly
proposed method is much more suitable for SLMs with high resolutions, com-
monly used in di�raction alignments [75].
In the following the error correction procedure is shown. In detail, the optical
setup applied for SLM characterization is disclosed. It can be used with two
phase reconstruction methods. The optimized correction method is described for
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these two modes of operation. The error correction capability of both methods
is compared with measurements of the produced phase. To characterize the
in�uence of the error correction with respect to the STED performance, PSF
measurements demonstrated the usability of the introduced method with low
STED intensity for the �rst time. Finally, the in�uence of an error correction
for a SLM is distinguished under real STED conditions with a doughnut shaped
intensity pattern by measurements of �uorescent beads for the �rst time. These
fully corrected SLMs are not only capable to produce high quality phase mask
but can also be used to pre-correct for setup aberrations (see appendix A).

2.2 The error correction procedure

The optical setup
Continuous wave (CW) laser diodes with di�erent wavelength (532nm, 635nm,
650nm, 750nm, Roithner, Austria) were used to illuminate the SLMs/reference
mirror placed in a Michelson interferometer. For later beam-splitter compensa-
tion, the SLM, respectively the reference mirror, could be positioned exactly at
the same position by using the very short coherence length (below 5 µm) of a
common light emitting diode (LED). Each of the mentioned lasers was coupled
into 2m single mode �ber (SM) (ThorLabs, USA) to generate a planar wavefront.
After collimation and polarization cleanup by a polarizer, the laser beam was
split by a 50/50 beam-splitter (both: B.Halle, Germany) into the two arms of
the Michelson interferometer. One beam hit the SLM (PAL-SLM, Hamamatsu,
Japan or P512, Boulder Nonlinear Systems, USA) or a λ /20 reference mir-
ror(20Z40, Newport, USA) positioned onto a linear stage for coarse beam path
adjustments (M-443, Newport, USA); the other illuminated a λ /20 precision
mirror positioned onto a piezo linear stage with a repetitive position precision of
0.1nm (P-752.11C, PI, USA). The interference pattern was imaged by a charged
coupled device (CCD) camera (A641f, Basler Vision, Germany). In the intensity
calibration mode (see section ) the polarizer could be rotated to 45°with respect
to the extraordinary axis of the liquid crystals (LC) of the SLM and an additional
analyzer (B.Halle, Germany) was positioned ahead of the detection unit. Fig.
2.1 shows a schematic of the calibration setup.

Phase reconstruction
After the error correction of the SLM it should produce the desired phase shift
for each pixel. The generated phase shift is controlled by the voltage applied to
the pixel which itself is actuated for both vendors by an 8-bit control gray value.
As result the calibration delivers for each pixel the correct gray value which
must be applied to the SLM to produce the desired phase shift. The capability
to measure the generate wavefront is the �rst step to error correct the phase
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camera records one or four intensity images of the SLM pixels at each of the 32
sample points. The introduced transformation between camera and SLM pixels
is compensated by use of a calibration image to obtain the necessary parameters
for the inverse transformation. Besides an a�ne transformation in homogenous
coordinates the option to use a nonlinear warping algorithm based on thin plate
splines (TPS) was provided [76]. In both operation modes the applied wavelength
de�nes the measured phase modulation.

Intensity measurement

For the intensity measurement the mirror in the interferometer arm is blocked to
the light. The analyzer is placed before the detector with an angle of 45°between
the extraordinary axis of the SLM and its polarization axis (see �g. 2.1). Further
on the polarizer is rotated by 45°. Therefore, the polarization vector between the
laser light irradiating the SLM and the extraordinary axis of its LCs include an
angle of 45°. Since the LCs are parallel aligned a part of the light is delayed and
therefore the polarization is transformed from linear to elliptic to circular and
back again according to the introduced phase shift of the SLM.
Without phase shift the analyzer is parallel oriented against the incident light
and the illumination reaches the detector. As a result the phase modulation is
transformed into an intensity modulation according to Malus' law [16](see �g.
2.2a). The phase can be reconstructed via a set of transformations. At �rst, the
1D intensity function recorded for each pixel at position x,y for each phase step
i: gray (i)x,y is normalized to -1 to 1 (�g. 2.2b). Since the intensity is probably
under-sampled the measured minimal and maximal intensity values has not to
represent the actual minimum and maximum. This circumstance can introduce
errors during the normalization routine. Second, an arcsin transformation recon-
structs the phase out of the normalized intensity values (�g. 2.2c). As the arcsin
function is not unique we must assume that the produced phase modulation is
monotonic increasing. This provides us with the necessary transformation to
correct the phase to its �nal form (�g. 2.2d).
The reconstructed phase holds the complete information of the phase shift in-
troduced by the LCs. Yet, all not birefringent materials such as the coverslip as
well as the re�ective surface at the back of the LC induce further constant phase
shifts not measurable with the intensity measurement.

Interference measurement

The mentioned disadvantages of the intensity measurement made it obligatory
to provide a possibility in the calibration stand to measure the total phase
modulation introduced by all parts of the SLM. For this purpose the shutter is
removed from the previous calibration setup and the analyzer and the polarizer
are rotated to 0°compared to the LCs. To be able to obtain interference fringes,
the path-length in both arms have to be matched by the coarse stage to less than
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errors or vibrations were negligible.
The importance of the SLM devices for STED lies mainly in the PSF generation
for the STED depletion beam. Consequently, a validation of the resulting PSF
has to be performed to determine the in�uence of phase errors for the Laguerre-
Gauss01 mode. Finally, all described e�ort for the SLM error correction is only
expedient if the actual STED performance is increased.

Direct error correction checking
The error correction was performed with seven di�erent SLMs from the two
distinct vendors. Both vendors used an 8-bit control signal to modulate the LC
voltage. The phase shift sampling was performed with the proposed 32 steps for
the complete phase modulation ramp. Since the intensity calibration conceals
the constant o�sets only a subgroup of SLMs were calibrated via this modality
and compared against the interference calibration. Depending on the SLM a
di�erent amount of o�set error was introduced in comparison to the interfer-
ence calibration. Typical errors introduced were in the order of λ/6 and formed
smooth functions in x,y (see �g. 2.5). According to these circumstances all
further results will implicate only interference measurement data.

The quality of the complete applied interference error correction for di�erent
SLMs and vendors was compared. The calibration signi�cantly reduced the
produced error of all SLMs. An improvement of up to a factor 11 RMS error
reduction was generated. Typical factors were around 6-7 for all SLMs. In
absolute values the mean RMS-error was reduced from over 100nm to around
10nm (�g. 2.6). This implied exactness better than λ/50, which had to be
limited to λ/14 due to the mirrors deployed in the interferometer setup. To
verify the assumption of linear wavelength dependency one SLM of each vendor
was calibrated at a minimum of two di�erent wavelengths. The measured phase
modulation can be compared providing the wavelength information. Since the
observed error is similar to the typical generated measurement error due to the
interference calibration it is believed in a linear wavelength dependency of the
typical SLM (data not shown).

Point spread function measurements
Encouraged by the greatly increased accuracy of the SLMs due to the interference
calibration the PSF generation capability of the SLM was measured directly in
the STED setup described in section 3.2. The PSF were measured by re�ected
light at gold spheres (see appendix A) without a pinhole. To achieve a fair
comparison the SLM was optimized each time by phase o�set and phase range
modulation. The doughnut shaped PSF with out and with calibration shows
dramatic di�erences in symmetry (see �g. 2.7). This di�erence should result in a
more uneven intensity distribution for further �uorescence measurement with a
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performance the actual produced phase modulation can only be checked in the
calibration setup. Comparing the complexity and cost of a STED setup against
the calibration stand one can ensure the SLM performance beforehand at the
calibration stand. This way time and costs can be saved for the planning and
construction of the actual STED setup.
The calibrated SLM can be used to test di�erent phase plates and to compensate
for STED beam path aberrations. For a two color STED setup the SLM could
provide the phase plate for both colors sequentially.
The intensity measurement should provide a possibility to ensure a calibrated
phase ramp of each SLM pixel even in the STED setup. However, each pixel's
phase o�set has to be measured beforehand or compensated by the use of o�set
aberrations. In addition we described a new variation of phase shifting interfer-
ometer calibration which is capable to ensure SLM phase modulation exactness
without the use of an intensity measurement and even for high resolution SLMs.



3 Adaptive pattern beam

scanning STED microscopy

3.1 Beam scanning and RESOLFT microscopy

The adaptive PSF generation for the STED beam, as described in the last chap-
ter, makes it possible to apply various high quality depletion patterns without
the need to alter the setup. This adaptive element increases the �exibility of the
microscope.
In the following chapter, a new adaptive scan-pattern approach is introduced.
This concept is tailored to STED microscopy and requires the local adjustability
of the microscope resolution to provide a major increase in image acquisition
speed. This adaptive pattern bene�ts from a scanner with low inertia. Hence,
it is combined with a novel galvanometer beam-scanning concept for STED mi-
croscopy.
In the following the implementation of the beam scanner into a STED microscope
will be described. The applicability will be demonstrated on technical and bio-
logical samples. Thereafter the adaptive scan pattern approach will be presented.
The unrivaled image acquisition speed due to the combination of both concepts
is con�rmed by imaging technical and biological samples. It will be shown that
besides the acquisition speed the concept provides a superior SN ratio and FOV
size compared to other scanning approaches. Additionally, the light dose applied
to the imaged sample is reduced, which is another characteristic no other scanner
o�ers today.

Today's RESOLFT microscopy
The major aim of di�raction unlimited microscopy, such as RESOLFT mi-
croscopy, is the combination of high resolution with the bene�ts of far-�eld
optical microscopy, as mentioned in chapter 1. Such instruments are great tools
for analyzing dynamic protein interactions and 3D structures inside the living
cell.
In the past years the resolution of RESOLFT microscopes continuously improved
[73][77] and even isotropic resolution below 50nm became feasible [44]. Since in
theory the resolution is unlimited more stable dyes and lasers with higher power
will enable even higher resolutions. Only recently the use of crystal color centers
enabled resolutions down to 6nm in the focal plane [79].
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Despite those improvements in resolution, most of the used STED microscopes
utilize piezo stage scanners [60, 73, 79�81]. A STED microscope, which applies
a stage scanner, is simpler in design. This convenience mainly results from fewer
components needed compared to other designs. Fewer components lead to a more
reliable system as fewer sources of possible errors are introduced. Furthermore a
higher number of components in an optical setup produce a higher loss of power.
This is an unwanted attribute, especially in STED microscopy.
Some major disadvantages of stage scanning are restricted acquisition speed and
acceleration of the sample. Both drawbacks limit the �eld of application of these
STED microscopes. The important domains of imaging dynamic processes and
3D structures inside living cells are mostly excluded. Furthermore, the �eld of
view (FOV) of common piezo stage scanners is limited to 30-40µm [57]. When
complete cellular structures are of interest, this restricted FOV correspond to
another disadvantage.

Resonant beam scanners in STED microscopy
In confocal microscopy these drawbacks are circumvented by scanning the beam
through the sample instead of sweeping the sample through the focal region.
Recently, Westphal et al. introduced the �rst beam scanning STED microscope,
which applies a resonant scanning mirror [82]. Resonant scanning is one common
approach for video rate scanning speeds. The usability of the concept was �rstly
demonstrated on a technical sample but was used later to �rstly record STED
images of dynamic processes inside a living cell in a FOV of 1.8 µm x 2.5 µm with
an e�ective dT of around 7µs [36]. Newer revisions produce astonishing images
of living cells [34, 35].
Despite its high physical scanning speed, the concept has several disadvantages.
First of all Westphal et al. uses a resonant mirror only for beam scanning of one
axis. The orthogonal axis is still controlled by a piezo stage. Second, di�erent
dTs can only be achieved by summing up multiple detection cycles. Sample
movement and dynamics occurring between several line scans can normally not
be compensated for. These motion artifacts can lead to deteriorated resolution.
Moreover, the commonly sinusoidal trace of the resonant scanner results in non-
linear illumination of the specimen and nonlinear pixel registration times, both
unwanted aspects. The limitation of the FOV to the nearly linear area of the
sine function resolves the problem to some extend as it introduces the additional
disadvantage that information is only collected a fraction of the scan time. This
ine�cient duty cycle results in the resonant mirror performing well below the
theoretical limit.Furthermore, the FOV and the dT are linked reciprocal. A
larger FOV produces higher scanning speeds. This circumstance results in sev-
eral handicaps as not only the duty cycle decreases for larger FOVs but also more
lines must be detected and summed in a short time to achieve the needed SN.
Hence, the available speed of the acquisition unit and the data processing unit
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can limit the size of useful FOVs. The same holds for higher resolutions.

A two mirror concept
The ine�cient duty cycle of the resonant scanner reduces the actual usable scan-
ning speed for STED images to regions of ordinary galvanometers [83].
Therefore, the usage of regular galvanometers results in comparable scanning
speeds but provides more freedom of application, since they can be randomly
positioned at the required speed for achieving the desired dT. Furthermore, no
piezo stage is needed for 2D imaging. This concept, as applied in confocal mi-
croscopes, uses commonly two scanning mirrors for the orthogonal axes of the
focal plane. The axial direction is scanned by a single linear piezo actuator at
the stage or the objective lens.
Besides the rotation of the beam the rotation of the mirrors introduces a shift of
the beam position at the back focal plane of the objective lens. To minimize this
shift both mirrors are normally positioned near the conjugated back focal plane.
Nonetheless, even a marginal shift results in an asymmetric cut-o� of the light
beam at the back focal plane. In case of the doughnut STED beam this cut-o�
will produce an imperfect intensity distribution of the STED depletion pro�le as
the phase pro�le cannot destructively interfere (see also chapter 2) [47].
Beam shifting at the pupil can be avoided by employing an additional gal-
vanometer [84]. Two of the three mirrors are coupled for one scanning axis. The
remaining mirror scans the orthogonal axis. The single mirror is positioned at
the conjugated back focal plane, whereas the two mirrors for the remaining axis
decouple beam shift and scanning rotation. This concept makes it necessary to
position the single mirror unit with high precision. A disadvantage left here is
that the distance from the mirror to the back focal plane of the objective lens
cannot be changed.

The Quad-scanner and its usage for adaptive pattern scanning
The following section rounds this two mirror concept out by introducing a gal-
vanometer scanner with two mirror unit for each axis resulting in four mirrors for
the complete scan unit (Quad-scanner). For the �rst time this scanner concept
is applied to a STED microscope. It provides random scanning and ensures
at the same time the beam position in the back focal plane. This optimally
positioned beam allows the STED setup to perform with best e�ciency. To �x
the pupil position with adequate exactness over the complete FOV independent
of the mirror position, a calibration of the galvanometer mirror movement is
presented in section 3.3. Here also the e�ciency of this calibration procedure is
demonstrated with direct measurements of the beam position in the back focal
plane, PSF measurements and STED imaging of �uorescent beads.
In section 3.4 the fast scanning capability of the system is demonstrated by
imaging moving beads on a glycerol surface and by imaging of dynamic processes



3.2 Experimental implementation of the beam scanning concept 29

inside living cells.
The freedom to move and even jump along any direction in the focal plane en-
ables a new adaptive scanning concept. Common confocal microscopes provide
the possibility to rotate the FOV by optical means. Since both scanning axes can
be moved independently, this feature is also demonstrated for the STED micro-
scope in this section. The rotation provides the possibility to use a rectangular
FOV with higher e�ciency because the object of interest can be rotated to �t
best into the smallest possible FOV. Propelled by the idea to reduce the FOV to
regions with information the STED microscope provides even greater advantages.
Since the resolution of the STED microscope can be tuned by the STED laser
intensity a pre-scan can be performed with confocal resolution, which locates the
�uorophores inside the FOV. The actual STED scan with high resolution is then
adaptively restricted to this pre-localization mask. Hereby, an image acquisition
speed improvement of a factor of 13 and a factor of 8 will be demonstrated at
�uorospheres and densely labeled biological samples, respectively. The adaptive
scan pattern can increase the overall e�ective scanning speed of the normal
galvanometer scanner over the e�ective speed achieved by the resonant scanner
by else better SN ratio and less applied light dose. Combined with the large
FOV available the adaptive Quad-scanner opens up new possibilities for STED
microscopy in living cell applications.
The last part of the chapter will conclude the presented concept.

3.2 Experimental implementation of the beam

scanning concept

Experimental setup
The starting point of the beam scanning implementation for STED microscopy
was a common STED setup similar to the one presented by Harke et al. [Ben].
It is shown in �g. 3.1. Since many other STED setups that have been presented
so far, the used microscope inherits the two basic laser beams for excitation and
depletion of the �uorophores. For excitation a triggered laser diode (LDH-P-635,
Picoquant, Germany) emitted pulsed laser light of approximately 80ps pulses
at a repetition rate of 80MHz and a wavelength of 635nm. The excitation light
was spatially �ltered by a 50 µm pinhole to guarantee a TEM00 mode. The
STED beam was generated by a Ti:Sa solid state laser (MaiTai, Spectra Physics,
USA). The system produced ultra short laser pulses of 100fs at a repetition rate
of 80MHz. For all measurements presented here, the wavelength was tuned to
755nm. The pulses were pre-stretched by a 50cm SF6 glass rod and then coupled
into 100m of polarization-maintaining single mode optical �ber (PMF) (AMS,
Germany). Nonlinear self-phase-modulation and regular dispersion resulted in
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USA) or a PMT (H722P-40, Hamamatsu, Japan), which both were positioned
behind a confocal pinhole.
The beam scanner was controlled by a �eld programmable gate array (FPGA)
(NI-PCI-7833R, National Instruments, USA). A customized hardware board pro-
vided the signal input and output (IO) of the FPGA.

Beam scanner control
Typically, the image registration speed is much higher for a beam scanning mi-
croscope than for a stage scanning system. Therefore, the coordinates must be
provided faster to the mirror controller in order to actually bene�t from the pos-
sible scanning speed. Common personal computers (PC) used for data processing
and storing are not real-time capable. This means, that small dTs in orders below
ms can not be guaranteed by an ordinary operating system nonetheless how fast
the central processing unit (CPU) of the PC clocks.
Additional circuit hardware boards with �xed functionality ful�ll the major ap-
plication tasks of a typical scanning device. Nonetheless, for highest �exibility
(see chapter 4) and to establish the required calibration (see section 3.3) a hard-
ware board based on a �eld programmable gate array (FPGA) was chosen. A
FPGA can be freely programmed, therefore providing a fully adjustable real-
time data acquisition and processing solution [85]. For the data presented in
this chapter, the FPGA provided the function of actually moving the mirrors to
their designated position. It simultaneously counted the photons over the desired
pixel scan time and transferred the image information to the host computer.
Moreover, several minor control tasks such as beam blanking and shutter usage
were covered. FPGAs provide a highly parallel architecture; hereby the di�erent
tasks did not hinder each other.
The FPGA operated at 80MHz for the internal logic and the digital IOs (DIO).
The analog inputs (AI) were sampled at only 200kHz. However, they were not
used for any data presented. The analog output (AO) was updated with 1MHz
which limited the smallest possible dT to 1µs. For fast data transfer between
host and FPGA, the board provided three direct memorty access (DMA) chan-
nels. The whole logic for the FPGA as well as the scanning software was written
in Labview 8.5 (see appendix A).
Since miscellaneous hardware components were controlled by the FPGA an addi-
tional IO board was needed. Therefore, a customized circuit board was designed.
It provided eight operation ampli�ers (OP) (Analog devices, USA) circuits to
amplify signal voltages from the FPGA to the scanner controller and back. Pho-
ton counting was done via a DIO line directly from the APD. At the PMT a
trans-impedance ampli�er was used to generate the signal voltage for digitization.
Five analog ampli�ers were implemented for further actuator control. Lastly,
several DIOs interfaces were provided for shutter and TTL control (see section
4.3). The actual layout is presented in appendix A.
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For L=D and xfin ≡ 0 this equation results in a simple equation for the rotation
ratio of the two mirrors:

2α1 = α2. (3.4)

The implantation of this two mirror scanning unit into each of the classical two-
mirror scanner results into the QuadScanner. This technique decouples mirror
rotation and beam shift for both scanning axes. The pupil can also axially be
freely positioned and the ratio of each mirror couple is adjusted so that the point
of rotation reclines on the pupil plane of the system.
To provide an alignment near the theoretical L = D the mirrors must be posi-
tioned in a way, that the conjugated back focal plane is located between both
scanner units. In contrast to the three mirror concept [84] the galvanometers no
longer need to be precisely positioned at a certain location. A calibration of the
mirror ratio allows for complete compensation of mounting tolerances.

Galvanometer calibration
To unlink the achieved beam stabilization from mirror positing errors a calibra-
tion is necessary. Unfortunately, the beam position errors in the back focal plane
cannot be detected and compensated during the scan with the applied setup.
Instead, a procedure must be applied for calibrating the point of rotation for the
complete FOV.
To measure the beam shift for the calibration routine a four quadrant diode (4-
QD) (S6695-01, Hamamatsu, Japan) was placed in the pupil plane. This device



∆x1

oltageDiff = −x1


1− x21 − arcsinx1.



±



36 3 Adaptive pattern beam scanning STED microscopy

Experimental validation of the calibrated QuadScanner at STED mea-
surements
The measured beam shift provides the data of the beam position in the back
focal plane. The actual more important information of the resulting STED per-
formance is not covered through such measurements. Instead the achieved STED
performance must be validated for the di�erent modalities. As is the case for the
SLM calibration presented in chapter 2, this was done by verifying the actual
depletion PSF and STED performance at each point of the FOV.

Like before, the PSF is validated by measuring the scattering of the illumi-
nation at 80nm gold beads (see appendix A. Fig. 3.5 illustrates the in�uence of
the calibration on the STED PSF in di�erent areas of the FOV. The �rst two
columns represent scans with increasing scanning angle (left to right). The last
column shows a detailed line pro�le along the axis with the most asymmetric
intensity distribution of the PSF of the second column. The rows cover the
di�erent concepts of beam position stabilization. As can be seen, the disabling
of one mirror in each unit resulted in slight disadvantage in the middle of the
FOV. However, in outer regions the STED doughnut was completely destroyed
(�g. 3.5a).
The application of the Quad-scanner resulted even non-calibrated in a greatly
enhanced STED PSF in areas with increased scanning angles (see �g. 3.5b).
Finally, the linearly calibrated galvanometer ratios showed a clear improvement
over the theoretical ratio in form of a more symmetric intensity distribution and
a minor enhanced minimum in the outer regions of the FOV (see �g. 3.5c).

The �nal STED performance check for the galvanometer calibration was per-
formed with a sample containing �uorescent beads. Like mentioned in chapter 2,
the usage of �uorospheres is much more precise than the usage of single molecules.
Again a sample of Crimson beads was used to experimentally verify the perfor-
mance di�erence of each scanning concept. The bead sample was prepared as
mentioned before (see appendix A). The excitation power was set to around
50kW/cm2 whereas the STED intensity was limited to around 270MW/cm2. For
all images, the dT was adjusted to 50µs. The pixel size was set to 20nm. Fig.
3.6 shows the di�erent STED performances. The rows and columns of the �gure
are organized as in �g. 3.5. Each row presents a di�erent degree of beam position
correction. The �rst two columns present ROIs with increasing distance from
the optical axis. The last column shows a line pro�le along the marked position
indicated in the second column. Clearly, the STED microscope is not usable if
the beam is not centered when only one mirror per axis is active (see �g. 3.6a).
Not only is the resolution of the system corrupted, but no �uorescence can be
recorded at all.
In contrast, with the two mirror concept the STED microscope works well even
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at the edge of the FOV (see �g. 3.6b). This impressive performance gap can even
be increased by the additional application of the linear calibration. The usage of
calibrated mirror ratios resulted in a slightly increased �uorescence signal com-
pared to the non-calibrated ratios (see �g. 3.6c). Additionally, the images reveal
a perfect symmetric representation of the beads whereas the theoretical ratio
scan produces slightly asymmetric bead forms due to the asymmetric intensity
distribution of the STED PSF (see �g. 3.5b) and not as high resolutions. The
optimal, measured STED resolution performance was around 45nm FWHM in
each direction inside the focal plane for the edge of the FOV due to the linear
calibrated scan mirror ratios. The same resolution was achieved over the com-
plete FOV.

3.4 Experimental evaluation of the QuadScanner

performance

Possible scanning speed with a small ROI
The proposed calibration provides the desired image quality increase of the setup.
After the optimal resolution was achieved for the complete FOV of 80 µm x 80 µm,
the speed of the scanner was validated. Therefore a sample of �uorescent beads
on a glycerol layer was prepared (see appendix A). Each scan line hold 60 pixels.
The pixel size was set to 20nm because of the higher STED resolution. The
STED intensity setting was the same as for �g. 3.6. The excitation was set
to 100kW/cm2. This value was empirically validated to be the optimal setting
regarding photo bleaching and signal strength. The PMT was used for detection
since the dead time of the APD was too long to count enough photons during
the very short dTs. Fig. 3.7 shows every second images out of a time series. The
�rst two images were recorded in confocal mode whereas all other images display
the STED measurements. Clearly the resolution is greatly increased with STED.
Analysis of the images revealed comparable resolution to �xed sample measure-
ments with much longer dTs. The smallest reasonable dT was 4µs. Smaller dTs
resulted in a not acceptable SN ratio but could still be performed by the scanner
unit. An application of a detection unit consisting out of more than one APD
should result in even better performance of the setup [82].

The mentioned dT of 4 µs doesn't represent the e�ective dT. Instead, additional
pixels must be inserted for QuadScanner acceleration changes (see appendix A.
The error free images resulted in 26 of such interpolation pixels needed for the
1.2 µm line width and a dT of 4µs. Thus, the e�ective dT was increased to
approximate 5.8 µs, which is around ten times faster than for common piezo
stage scanner approaches [60].
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a series. Yet, for the main application of observing dynamic processes the scan
pattern generated from the �rst scan would be useless for the second scan as the
dynamic information is unknown.
In contrast to the confocal microscopy the RESOLFT microscopes can pro�t
from a scan pattern even for the �rst scan. This fact is due to the unique feature
of most RESOLFT microscopes to tune the resolution. In STED microscopy
the applied depletion intensity controls the achieved resolution (see section 1.3).
As a result, the introduced STED microscope can scan with confocal resolution
and with an about 5 times higher resolution. The image acquisition with the
higher resolution would need 25 times more pixels and therefore a 25 times longer
acquisition time than the confocal scan for 2D images. Hence, a confocal pre-scan
can provide the �uorophores distribution in a 25 times shorter time than the �rst
STED scan by else identical dT. By applying the scan pattern gained from a
segmentation of the confocal pre-scan the actual STED scan could be performed
much faster. Actually, the STED scan increases the spatial information of the
sample only at positions holding �uorescent information (see �g. 3.10).
The theoretical limit for image acquisition speed gain gainaS is strongly depend-
ing on the �uorophore density and distribution. It reaches its maximum in case
of a single object of interest inside the ROI, which is smaller than around half
of the confocal resolution. Assuming a sampling according to Nyquist, it can be
described by

gainaS =
widthROI · heightROI · xconfyconf

widthROI · heightROI · xconfyconf + (xconfyconf )2 (3.6)

where widthROI , heightROI are the width and the height of the ROI. xconf , yconf ,
xSTED and ySTED represent the pixel sizes in x and y for the confocal pre-scan
and the STED scan, respectively.

Validation of the adaptive pattern scanning
This adaptive scanning pattern method was implemented in the scanning soft-
ware. The so-called coarse and �ne scan indicates the confocal and the STED
scan modus. The needed partitioning of the coarse image into a binary represen-
tation was provided by the use of a threshold. Pixel shifts introduced by di�erent
scanning speeds were compensated (see appendix A).

To validate the functionality and to demonstrate the maximum improvement
according to the adaptive scan pattern in combination with the Quad-scanner a
sample of sparsely distributed Crimson �uorospheres was prepared (see appendix
A). Fig. 3.10 presents the images acquired in confocal and in adaptive STED
mode of a region of 20 µm x 20 µm. The illumination settings and the pixel size
were set as in �g. 3.6. Both images represent the same �uorophore distribution.
No essential information was missed due to the adaptive pattern scanning. In-
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been immunostained with Atto 647N (see appendix A). The change of the focal
adhesion distribution in combination with aging is of interest for biology.
These biological samples demonstrate the advantage of the adaptive beam scanner
for STED microscopy compared to other scanning concepts. Typical primary
human cells have sizes of several 100 µm. Adhesions of interest can have sizes
up to several 10µm. The usage of scanners with smaller FOVs than the Quad-
scanner, like typical used piezo stage scanner, would result in the need to image
several FOVs and to reposition the sample between each image acquisition. This
would result in longer scan times and a later image registration per software. Even
without repositioning the typical image acquisition time for a 30 µm x 30 µm ROI
would be around 2.5min for 20nm pixel sizes.
In contrast the typical dT of a resonant mirror scanner would be only around 40ns
due to the large FOV and the constant line speed. The short dT would lead to
problems with today's detection devices because even the best APDs have typical
dead times in the same range leading to less usable photons. Moreover, more lines
must be summed as each line holds lesser photons. This trend results in a worse
duty cycle. The adaptive beam scanner has none of these disadvantages. Fig.
3.11 and �g. 3.12 impressively demonstrates the unique scanner properties. The
ROIs were 15µm x 34 µm for �g. 3.11 and 40µm x 40 µm for �g. 3.12 . For
both scans the STED scan reveals much more structural information of the focal
adhesion distribution than the confocal scan. The adaptive scan for the images
in �g. 3.11 took around 28s and for the images in �g. 3.12 around 27s with
an adjusted dT of 100 µs and 50 µs respectively. These values demonstrate an
e�ective dT of 20µs or a improvement of factor 5 in the case of �g. 3.11 and a
factor of 8 or an e�ective dT of 6.7µs in case of �g. 3.12 .
Hence, the e�ective dT of �g. 3.12 is the fasted reported scan time for a STED
image of a biological sample ever.

3.6 Conclusions and limitations of adaptive

pattern beam scanning

The usage of stage scanner in far-�eld microscopy results in long scan times
and induced errors during the observation of dynamic processes inside living
cells. Both drawbacks prohibit the application of such scanner concepts for the
observation of fast dynamic processes inside life cells and reasonable image ac-
quisition times of large 3D structures. Nevertheless, these image modalities are
the major �elds of applications for the optical far-�eld microscopy. The solution
in form of a beam scanner already applied to common confocal microscopes can
be transferred to STED microscopy.
The published resonant beam scanner represents the �rst beam scanner imple-
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mented in a STED microscope. Besides its high scanning speed, it has several
disadvantages such as the small FOV, the additional need for a stage scanner for
the orthogonal axis inside the focal plane, a poor duty cycle and the requirement
to sum line-scans to accumulate su�cient photons for a decent image quality.
Especially the last handicap degrades the image acquisition speed to regions of
regular galvanometer mirror scanner.
The presented beam scanning concept in this chapter is the �rst beam scanner
based on regular galvanometers for a STED microscope. To decouple the rotation
and the position of the beam complete for both scanning axes a novel four mirror
approach was presented. This concept allows a completely free positioning of
the scanning mirrors regarding the conjugated back focal plane. It was shown
that the mirror rotation ratio of each two mirror scan unit is important for the
later beam position precision. For the implementation of the Quadscanner a
calibration routine was developed, which corrects the rotation ratio of each axis
for the complete FOV with beam position precision better than 20µm in the back
focal plane. The STED setup does not work at its optimal performance until this
calibration is carried out. This fact was demonstrated at PSF measurements and
imaging of Crimson �uorospheres.
The performance of the presented beam scanner was compared with published
data of the resonant scanner by duplicating an experiment of moving �uorospheres
on glycerol. Using a regular scan pattern the frame rate of the Quadscanner is
lower than that of a resonant scanning system.
However, this slightly handicap is overcompensated by the adaptive scan pat-
tern. This concept uses the unique capability of STED microscopy to tune the
resolution by the applied depletion intensity. A confocal pre-scan determines the
regions in the FOV with �uorophore information and a successive STED scan re-
�nes the spatial information only in these regions. This completely new approach
to faster beam scanning was demonstrated at technical and biological relevant
samples. Depending on the information inside the FOV an image acquisition
speed improvement of factor 13 was demonstrated for the technical sample and a
factor of 8 for the biological sample. The latter factor reduced the overall image
acquisition time to an e�ective dT well below the reported e�ective dT of the
resonant scanner, resulting in the fastest reported e�ective dT for a biological
relevant STED image. Besides the impressively enhanced image acquisition speed
no drawbacks resulted from the use of the adaptive scan pattern. Instead the
image quality was comparable to STED images recorded with 8 times longer dT,
thereby implicating a SN ratio, which could not reached otherwise.



4 Adaptive illumination to

reduce photo bleaching in

STED microscopy

4.1 The reduction of the total number of

switching cycles and its bene�t

The novel adaptive beam scanning presented in the last chapter reduces the re-
quired image acquisition time depending on the information present in the ROI.
Fluorophore-free regions are determined by a confocal pre-scan and a STED scan
pattern is created according to the segmented information generated from the
confocal scan including only those areas holding information. Besides the gain in
image acquisition speed, this method illuminates the sample less than an ordinary
STED scan with otherwise equal settings. This reduction of illumination time
and therefore light dose is only achieved in regions where no �uorophores are
present within the focal plane. Nevertheless, because of the cone shape of the
beam at high NAs �uorophores located in another sample layer are illuminated.
This fact is of special interest not only for live cell imaging where phototoxicity
can be detrimental but also for any �uorescence measurements where the sample
is prone to photo bleaching and dark state transitions of �uorophores.

The correlation between switching cycles of the �uorophore and photo
bleaching
Photo bleaching includes processes, which render a dye completely useless for
further �uorescence generation. Dark states characterize dye conditions, in which
the �uorescence of the dye is prohibited. Both transitions are usually not desired
in �uorescence microscopy.
Each time a �uorophore is excited from the S0 state to the S1 state a certain prob-
ability exists that the molecule transfers into a triplet state or is even bleached
irreversibly before it returns back to the S0 state. The probability of bleach-
ing the dye or forcing it into a dark state in such a �uorescence cycle depends
strongly on the dye itself, the micro environment around the dye and the applied
laser powers. A reduction of the total number of excitation cycles reduces photo
bleaching and dark state transitions.
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This behavior is especially of interest for ensemble switching high resolution
concepts using metastable states, as it is the case for STED microscopy (see
section 1.3).
During imaging with a STED microscope the excitation beam transfers a high
number of dyes in the di�raction limited volume from the S0 to the S1 state.
The subsequent STED beam depletes most of the excited �uorophores back to
the S0 state. Only �uorophores located at or in close proximity of xzero are
given the chance to �uoresce. Clearly �uorophores in the complete di�raction
limited volume undergo several switching cycles from S0 to S1 and back to S0
while only the small fraction of �uorophores positioned at xzero contribute to
the signal. The high number of switching cycles performed by the �uorophores
outside xzero is not related to information but increases photo bleaching and dark
state transitions of these dyes. A reduction of the total cycle numbers performed
by the �uorophore during image registration will decrease the bleaching.
Unfortunately, the proposed adaptive beam scanning reduces the number of
switching cycles only in layer outside the focal plane.

Common ways to reduce photo bleaching and major application �elds
A reduction of photo bleaching and dark state transitions will broaden the range
of applications of STED microscopy. Especially �elds, which call for repetitive
scans, such as the tracking of dynamic processes in living cells, will gain most
from decreased bleaching. Further important applications will be 3D image ac-
quisition, as each optical section is illuminated several times before it is actually
recorded and the expansion of the number of applicable dyes, which are more
prone to photo bleaching, such as �uorescent proteins.
Since a reduction of bleaching will be highly attractive for all �uorescence mi-
croscope techniques, several approaches to reduce bleaching were studied [59].
The addition of anti-bleaching agents is one of the more prominent approaches
to decrease bleaching [58]. Several chemical compounds are known as e�ective
anti bleaching agents. 2-mercaptoethylamin (MEA), which is an e�ective triplet
quencher for �uorophores [88], ascorbic acid and 1,4-diazabicyclo[2,2,2]octane
(DABCO) are promising candidates to improve the bleaching behavior of �uo-
rophores [88]. However, most of these compounds cannot be used for life cell
experiments.
This hint motivated further work such as the imaging modality of Triplet or Dark
state RElaXation (T-Rex/D-Rex) [49]. The basic principle behind T-Rex is to
give the �uorophore enough time between subsequent excitation and depletion
events to relax from triplet or dark state. Since the triplet state is a long living
state in the s range the laser pulse repetition rate for successive illumination is
around 1MHz. This low repetition rate is directly related to long image acqui-
sition times and dTs of several ms to s are common [73][74]. T-Rex is therefore
not suited to record fast dynamic processes inside living cells. Moreover the
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process targets only the reduction of long living states in the order of µs. Other
bleaching pathways such as higher singlet states are a�ected.

Reduction of Excitation and Signal suppression Cycles (RESCue)
In this chapter an alternative idea to decrease bleaching is presented which is
based on the Reduction of the total number of Excitation and Signal suppression
Cycles (RESCue) [89]. The approach was triggered by the idea to scan only at
positions with information introduced by the adaptive scan pattern but re�nes
it down to each scanned pixel.
During the registration of each pixel the photon count is checked continuously
to identify if �uorescence information is present a certain location. In case no
�uorophore is present in the e�ective PSF volume, the illumination is stopped for
the rest of dT. With this strategy the most promising results can be expected in
case of ensemble switching high resolution microscopy utilizing metastable states.
In contrast to the adaptive scan method described above RESCue reduces the
total switching cycle numbers in the focal plane in case of metastable states.
However, even with stable states, a reduction of the switching cycle number of
�uorophores located out of focus and of phototoxic e�ects is achieved.
To validate the method the STED setup described above was modi�ed. In
addition two more STED setups were altered to provide a broader range of appli-
cation. Technical and biological samples were imaged to distinguish the typical
bleaching reduction obtained.

4.2 The basic principles of RESCue

For a normal image acquisition process each volume element is lighted for a
constant dT independent of the information present at the illuminated position.
Similar to adaptive beam scanning the basic idea behind RESCue is to illuminate
only at positions, which provide photon information of the sample. To achieve
this adaptive illumination RESCue decides in a fraction of dT if a �uorophore is
present at the actual position by analyzing the photon �ux. In case no object
is present the illumination of the sample is stopped for this volume element for
the remaining dT or the scanner simply moves on to the next registration point.
To decide whether an object is present a simple rule presented by Hoebers et al.
is adapted to STED [90]. The proposed method introduces two photon number
thresholds to decide upon the illumination. Through a lower threshold (lTh) it
is determined if an object is present at all and through an upper threshold (uTh)
the illumination of very bright objects can be reduced.
The photon information during a STED scan is only collected out of a small

volume located at xzero. This e�ective detection volume is considerably smaller
than the di�raction limited trans-illuminated volume. Nevertheless, an illumina-
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Figure 4.1: The lasers remain on for the whole dT only if an object is present
within sub-di�raction accuracy. The two �uorescent objects (gray circles)
are not resolvable by a conventional confocal microscope (the grid marks the
pixels, the beam is scanned from left to right). In case the registration of
the �uorescence is con�ned to the zero of the laser's beam pro�le inhibit-
ing the �uorescence (red, any zero pattern), the objects are resolvable and
the lasers can be blanked in regions where no �uorescence is emerging (mid-
dle). A narrower e�ective PSF allows exposing the sample more selectively.
The number of cycles a �uorescent molecule undergoes in the RESCue-STED
modality is strongly reduced compared to a conventional STED mode accord-
ing to cT/dT, the systems resolution and the distribution of the �uorescent
molecules. Even more: there is also the possibility that the high resolution
information is crucial to reduce photo bleaching in contrast to the confocal
mode.
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tion decision for the small volume in�uences the number of switching cycles the
�uorophores undergo also in the larger volume. In case no information is collected
from xzero the illumination is stopped and the total number of switching cycles
is reduced for the complete illuminated volume without the loss of signi�cant
information (see �g. 4.1). Hence, RESCue will in�uence the number of switching
cycles not only in out of focus regions as it is the case for confocal microscopy
but also in the focal plane for all RESOLFT microscopes using metastable states.
So RESCue complements the adaptive beam scanning in an optimal way.

Theoretical discussion of the illumination decision supported by lTh
For implementation a cycle time (cT) and the lTh must be de�ned depending
on the detection e�ciency and the SN before each STED scan. cT must be
smaller than dT. During each pixel registration the number of photons detected
within cT is compared to a lower threshold (lTh). If the number of photons
is smaller than the threshold no �uorescent object is assumed in the volume at
xzero. A longer exposure time of this pixel would provide no more information
but in contrast raises the probability to bleach the �uorophores in the complete
di�raction limited volume. Consequently, the lasers are shut o� for the remaining
dT (see �g. 4.2a case 2). Clearly, the actual RESCue e�ect depends strongly on
the chosen cT and lTh. The theoretical gain in switching cycle reduction for a
spherical object is approximated by:

GainlTh ≈
dT
(

Vexc

Veff

)n

cT
(

Vexc

Veff
− 1
)n

+ dT
, (4.1)

where n is the number of dimensions of the scan and Vexc and Veff represent
the di�raction limited illumination volume and the e�ective detection volume,
respectively. Hereby, a sampling of the object according to the Nyquist-Shannon
theorem is assumed. In practice corrections may be required, since the actual
�uorophore distribution is rarely a distribution of spherical objects, which are
di�raction limited spaced and show a linear bleaching dependency.

Interestingly the protective e�ect due to RESCue increases with higher reso-
lution and smaller ratio cT/dT (see �g. 4.2b, c). Depending on the settings
and the actual �uorophore distribution the �uorescent molecules can undergo a
lower number of total switching cycles with RESCue than for a lower resolution
scan without it. Actually, this is the �rst time higher resolution is related to less
bleaching. This is not surprising because a higher resolution provides a more
accurate detection of the �uorophore distribution. This information is used by
RESCue (see �g. 4.1). A confocal scan will not gain any switching cycle reduc-
tion as the illumination PSF is mainly the detection PSF in the focal plane. For
the out of focus planes a reduction of photon induced bleaching will be achieved.
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dT and the lasers can be turned o� earlier. In contrast to lTh an additional
timestamp has to be recorded, after which time span the uTh was reached. These
read-out times (rT) must be used to correct the pixels' photon number. The
correction was performed by the extrapolation of the photon count according to
the ratio between rT to dT. This calculation was performed for all pixels which
had reached the uTh. Since the noise plays no major role for these pixels the
extrapolation should not increase the error signi�cantly.
Similar to the lTh-case an improvement by the ratio dT/rT can be achieved
theoretically for pixels with high photon numbers above uTh. In contrast to the
lTh-case higher resolution decreases the achievable improvement (see �g. 4.2b,
c). In fact the di�raction limited resolution represents the theoretical limit, as
can be seen by:

GainuTh ≈
dT
(

Vexc

Veff

)n

rT + dT
(

Vexc

Veff
+ 1
)n . (4.2)

The uTh resembles a measure to prevent bright spots to spend their complete
�uorescence during one image acquisition. Instead, the �uorescence is conserved
for future scans. These bright spots represent dense �uorophore distributions
which are not resolved by the microscope. In case the resolution would be high
enough even in these bright spots separated �uorophores would be measured. In
such a case only the lTh would be needed for bleaching reduction.

4.3 Implementation of RESCue in STED

microscopy

A typical STED setup can be easily adapted for RESCue. Two modi�cations are
necessary. First, a fast blanking device must control the illumination of at least
the excitation laser. Second, a closed loop has to be established, which utilizes
the actual pixel photon number to adaptively control this shutter.

STED microscope modi�cations necessary for implementing RESCue
The blanking has to be fast enough to switch o� the laser beam in a fraction of
the adjusted cT. For the experimentally implemented cTs (see section 4.4) typical
acousto optical modulators (AOM) and electro optical modulators (EOM) are
fast enough. The setup presented in chapter 3 was therefore modi�ed by an EOM
to establish an illumination control of the STED laser only. The more important
excitation laser diode was gated electronically via its trigger input. With this
trigger the diode can be shut o� within 300ns, according to its speci�cations.
The TTL trigger signal of the photo diode is combined with the RESCue control
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The �exible control architecture using the FPGA mentioned in chapter 3 allows
adjusting the threshold parameters during the image acquisition, in order to
account for residual bleaching during repeated scans. It controlled the scanner
with a loop time of 12.5ns. Hence, it was perfectly suitable to take over the
adaptive control of the shutters. The FPGA scanner program was modi�ed so
that the FPGA became capable to provide the adjustment of the lTh, the cT
and the uTh. In the case of uTh the photon number was directly corrected from
rT to dT inside the FPGA. Besides, the rT information was transmitted to the
host PC for recording.
Except for the lamina measurements, all presented experimental data was
recorded with the FPGA RESCue control.

4.4 Experimental results

The RESCue-STED modality enables for the �rst time reduced photo-bleaching
associated with increased intensities as it leads to higher resolution and therefore
to a more accurate exposure control. Thus the reduction of the photo-bleaching
even exceeds the �uorescence conserving in the confocal imaging. One of the
ideas behind RESCue-STED is to plough back the improved bleaching behavior
at higher STED intensities to push the resolution further.
The three main parameters (lTh, cT and uTh) can be freely chosen to optimize
the image quality and the reduction of the photo bleaching. The user or an auto-
matic algorithm has to provide a reasonable lTh-cT combination which accounts
for all objects of interest in the sample. It turned out that the lTh parameter
fundamentally in�uences photo bleaching during an image sequence of the same
region of interest (ROI). Of course, residual bleaching occurs in the RESCue
mode. Later images would therefore di�er in �uorescence. Ultimately, it is nec-
essary to provide an adjusted lTh-cT combination for each scan. As mentioned
earlier this can be done by an algorithm or by the user. Nevertheless, the cT must
be long enough to allow a reliable decision whether the object of interest is present
or not. Finally, the parameter uTh has to be chosen depending on the desired SN.

Measurement and image analysis protocol
Miscellaneous technical and biological specimens were measured to demonstrate
the reduction of the photo-bleaching by RESCue-STED compared to normal
STED. The majority of the measurements were performed following the protocol
above. First, a confocal overview image of the sample was recorded. Within this
overview several ROIs were scanned repeatedly. Each ROI represented di�erent
settings: conventional confocal imaging (confocal), conventional STED (normal),
lTh enabled RESCue-STED (lTh), uTh enabled RESCue-STED (uTh) and the
lTh, uTh RESCue-STED combination (lTh&uTh). Thereafter, a second confo-
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The major in�uence of lTh in case of sparse dye distribution
Next these promising results were transferred to biological relevant problems.
Amyloid precursor proteins (APP) of primary mouse neurons (DIV8) were im-
munostained with Atto565. Fig. 4.7a shows a confocal and a STED image
respectively of the labeled APP located in the plasma membrane. The STED
image displays well separated APP spots in contrast to the confocal image. The
resolution in the STED mode was around 45nm and limited only by the STED
laser's intensity.

With the given resolution and sparse structures a major impact of RESCue with
a well adjusted lTh was predictable. The lTh was chosen with 6 photons within
40 µs for cT. As before, a confocal overview was recorded with 50nm pixel size
and a dwell time of 500 µs (see �g. 4.7b). The three (RESCue-) STED ROIs were
recorded with a dwell time of 300 µs and else identical settings as for �g. 4.5.
As shown in the images, a 4.5 fold improvement regarding the photo bleaching
between the RESCue with lTh (see �g. 4.7c lTh and �g. 4.8 lTh) and the
conventional STED measurement is obvious (see �g. 4.7c normal and �g. 4.8
normal). The APP was sparsely distributed over the specimen. In this case, the
involvement of the RESCue parameter uTh, which was set to 25 photons leaded
to an additional factor of only 1.11 reduction in photo bleaching, corresponding
to an overall factor of 5 (see �g. 4.7c lTh&uTh and �g. 4.8 lTh&uTh).
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Figure 4.10: RESCue allows for the measurement of A647N immunostained
nuclear lamina in neuroblastoma cells in 3D. The left image (STED) shows
the attempt to image the lamina without RESCue enabled but fails because
of pronounced bleaching. The image on the right side (RESCue-STED with
only lTh enabled) demonstrates that the recording becomes possible with the
aid of RESCue.

overlapping STED PSFs with respect to the Rayleigh criterion, the �uorescence
in the middle of two hardly separable signals is probably higher than the adjusted
lTh and the lasers are not blanked to reduce the switching cycle numbers. In
these cases a signi�cantly lower lTh helps, but this can in contrast degrade the
image quality.

RESCue-STED of lamina: enabling measurements in three dimen-
sions
There are not only scenarios conceivable pro�ting by an improved bleaching
behavior under RESCue conditions. Some problems can be especially addressed
by the RESCue-STED modality, thereby opening up the possibility to get the
desired information. One example of that is shown in �gure 4.10 illustrating
the RESCue-STED application to 3D measurements. Here, Atto647N labeled
Lamina was imaged in three dimensions. dT was set to 100 µs, cT to 30 µs and
the lTh was 426 photons. The �gure shows a 3D surface rendered view of the
nuclear lamina. On the left hand side the measurement of the standard STED
mode is presented. The 3D data stack was generated by sequential xz-scans
in y-direction. After a few xz-sections the �uorescence was lost due to photo
bleaching. On the right hand side a measurement performed in the RESCue-
STED mode taken with the same STED settings as in the previous measurement
is shown. RESCue enabled the acquisition of 3D data stacks, which could not
be achieved otherwise. Especially in 3D applications, the �uorescence must be
conserved in the close neighborhood of the focus by blanking the lasers whenever
possible.
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4.5 Discussion and Summary

The potential to observe dynamic processes in living cells as well as the imaging
of 3D structures inside living cells are two major advantages of the �uorescence
far-�eld microscopy compared to other microscopy techniques such as AFM.
However, especially these �elds require repetitive scans, which are connected to
high light doses damaging the sample. RESCue decreases the photo-bleaching
signi�cantly even inside the focal plane for ensemble switching high resolution
techniques using metastable states. Less photo bleaching increases the applicabil-
ity of the microscope. In contrast to T-Rex (see section 4.1) no image acquisition
speed decrease is observed.
By using the lTh parameter alone typically bleaching is reduced by a factor of
four without sacri�cing resolution or imaging speed. The use of uTh increases
the bleaching reduction typically to a factor of 4.5. Densely labeled structures as
presented with the immunostained GFAP in glial cells are even better preserved
by the uTh.
Higher resolution opens up the possibility for a more selective exposure of the
sample minimizing the dyes excitation and signal suppression cycle numbers.
RESCue aided high resolution STED imaging bleaches less than the same scan in
confocal mode. Measurements of the technical sample demonstrate impressively
that the RESCue mode preserves the �uorescence by 20% better than the confo-
cal mode with the aid of the high resolution information. The impact on relevant
biological samples is analyzed at APP in neurons and the above mentioned GFAP
in glial cells. However, RESCue even opens up new options. It enables the 3D
measurement of lamina labeled neuroblastoma cells, which could not be imaged
without RESCue.
If the resolution enhancement is based on long-lived or stable o�-states, the
phototoxiticity should be reduced due to the diminishment of the light dose on
cells.

The key point of RESCue is to detect the presence of an object by photon
information. Coincident photons on two detectors would allow a fast decision on
the presence of an object if this object of interest is labeled with several dyes
making coincidence measurements probable.
The FPGA based RESCue implementation allows one to optimize the RESCue
parameters cT, lTh and uTh during measurements. This option is especially
important if a series is recorded and one needs to account for the changing prop-
erties of the samples during the measurement. If the sample is bleaching during
repeated scans in life cell applications, for example, the lTh parameter can be
adapted.

The major impact of RESCue lies in enabling ensemble switching high reso-
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lution microscopy measurements based on metastable states of samples that
are prone to photo-bleaching such as 3D STED measurements, application of
coumarine dyes in biological samples and �uorescent proteins in high resolution
microscopy. In the STED case the reduced bleaching in standard applications
may be reinvested in higher intensities and therefore higher resolution.
But mostly, the live cell ensemble switching nanoscopy should bene�t from the
RESCue modality because the examination of dynamic processes within the cells
calls for repeated scans. Here the impact of photo-bleaching of the �uorescent
dyes is most crucial as well as the phototoxiticity caused by high light doses
eventually leading to artifacts and cell death. Both e�ects can be minimized by
applying RESCue. It reduces the light dose illuminating the specimen and there-
fore photo bleaching and dark state transitions. This improvement is achieved
avoiding anti-bleaching agents, which are interfering with life cell imaging.



5 Conclusion and Outlook

The most important �eld of application for optical far-�eld microscopes such
as STED microscopy is the observation of dynamic processes and 3D structures
inside living cells. Its high spatial resolution provides new insides to cell biology.
The novel adaptive techniques for STED microscopy proposed in this thesis
improve the performance for this task.

STED su�ers from increased bleaching and limited resolution in case of a
non-perfect intensity zero of the depletion pattern. Additional aberrations of
the optical setup can amplify this degradation of the STED PSF and hinder the
STED microscope to work at its optimum. Constant phase masks cannot provide
any mean to optimize the setup. Adaptive phase mask devices, such as SLMs,
deliver not only the freedom to implement any desired phase pattern using only
one device but also o�er the possibility to compensate for phase errors of the
STED beam.
The novel error correction method presented here enables the calibration of SLMs
only by phase stepping interference measurements and with considerably lower
e�ort and higher exactness than known calibrations. For the �rst time such an
error correction method was validated not only by phase error measurements
but also with STED measurements of dye �lled polystyrene micro spheres. The
error corrected SLM provides a versatile tool to test new phase mask concepts
and to provide for any STED setup optimal �uorescence collection e�ciency and
resolution.
Nevertheless, the aberrations introduced by the system are only corrected for one
particular scan position. Due to sample induced refractive index variations and
varying optical beam paths the aberrations change during a scan.
In the future faster SLMs could also correct for these locally varying aberrations
at least for each x-y layer in a 3D scan. The required quality feedback could be
provided either by an introduced beacon into the sample or a quality criterion
such as highest resolution or highest signal. For the latter proposal, dyes with
signi�cantly higher bleaching resistance are necessary, such as the recently pub-
lished diamond color centers [79].

With the optimized resolution and contrast performance the STED setup is
prepared for imaging of static objects at least in 2D. However, the observation
of fast dynamic processes inside living cells call for equally fast registration of
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those events. For the �rst time, a beam scanner based on common galvanome-
ters was introduced for STED microscopy. Besides the scanning speed of small
FOVs down to e�ective pixel dwell times of 5.8µs for technical samples, a pixel
dwell time of 15µs for considerable larger FOVs was demonstrated at biologically
relevant samples without any of the disadvantages of competing concepts. These
STED images of APP illustrate the unique features of the galvanometer beam
scanner to image small to medium sized FOVs in unimpaired quality in time
spans below a second.
This novel scanner was combined with an adaptive scan pattern, proposed for
the �rst time. It only works e�ectively in combination with ensemble switching
high resolution microscopy. The combination of the presented beam scanner and
the adaptive pattern enabled the observation of very large FOVs with STED
resolution in only a fraction of the time needed with the classical stage scanning
approach. A reduction of image acquisition time with the adaptive beam scanner
without any information loss compared to a normal STED scan was demon-
strated by STED measurements of technical samples. Combined with the faster
scanning capabilities, the imaging speed was shortened by a factor of around 30
compared to a classical stage scanner.
This advantage was used to image focal adhesions of human �broblasts with the
largest FOV ever reported for a STED microscope. The demonstrated image
acquisition speed relates to the shortest ever announced pixel dwell time achieved
for a biological sample imaged with a STED microscope. Additionally, the image
SN ratio was comparable to scans performed with eight times longer pixel dwell
time.

The still existent bleaching of �uorescent markers for living cell microscopy
hinders the repetitive scans and the measurement of 3D structures of living cells
with the adaptive pattern scanning STED microscope. Fluorescent proteins and
coumarines are prone to bleaching. The adaptive illumination scheme "RESCue"
presented in this thesis tackles this problem by adapting the selective illumination
used for CLEM for STED microscopy. Hereby, the unique feature of STED to
detect photons emitted by a smaller volume than the di�raction limited illumi-
nation volume signi�cantly decreases the applied illumination dose without the
loss of information this behavior is unique to ensemble switching techniques. For
the �rst time, the better localization capability of STED compared to confocal
microscopy is linked to less bleaching and dark state transitions.
This fact was validated with STED measurements of �uorescent beads. An
increase of residual intensity by a factor of 12 compared to the normal STED
scan and still 50% compared to a confocal scan was demonstrated. Additional
measurements of biological samples revealed a similar bleaching reduction. The
novel method was applied to enable the 3D STED measurement of the nuclear
lamina in neuroblastoma cells. In comparison to other proposed methods, RES-
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Cue does not slow down the acquisition speed. Instead, a fast scanner can pro�t
from RESCue by an overall decreased image acquisition time.

The proposed adaptive elements represent each unique and novel possibilities
to take STED deeper into the �eld of biological relevant applications. Each one
enables measurements which were not possible before. However, these methods
can be combined with each other and with already existing methods, especially
for bleaching reduction. A combination of the adaptive beam scanner with RES-
Cue is possible and should result in unique image acquisition times for large
FOVs and reduced bleaching. For 3D measurements, the advantageous e�ects of
both methods will complement each other resulting in further reduced bleaching
for out of focus layers.
In the future the adaptive scan and illumination can be even further re�ned by
recursive working algorithms using the tunable resolution of STED microscopes
and combined with even faster controls such as EOMs to allow additionally
triplet relaxation without sacri�cing imaging speed and further improved sample
protection.
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Cell culture and immunocytochemistry

Crimson and Nile Red �uorospheres and gold spheres

The gold spheres (80nm) or Crimson or Nile red �lled polystyrene micro spheres
(speci�ed diameter, 36nm Crimson; 21 nm Nile red; 2% solids in distilled water;
Molecular Probes) were positioned onto a poly-l-lysine (Sigma, Germany) coated
coverslips and mounted in DABCO containing Mowiol (Sigma, Germany) to avoid
molecular di�usion.

Crimson �uorospheres on glycerol

Like proposed in [82], di�using beads were prepared by �rst cleaning the
cover slip with detergent Mucasol and making the surface of it hydrophilic
in a plasma cleaner. After passivating with 1M NaOh 36nm Crimson �uoro-
spheres(Invitrogen, Germany) were mixed with 20 µl glycerol and 1 µl of 10M
NaOH. This mixture was spincoated onto the cover slip at 10000rpm.

APP: N2A cell preparation for living cell measurements

N2a cells were grown on FluoroDish (World Precision Instruments, USA). One
hour before transfection growth media was replaced by OptiMEM (Invitrogen,
Germany). For transfection 6µg plasmid DNA (pcDNA3.1(+)_APPntmyc) was
diluted in 200µl of pre-warmed OptiMEM and mixed gently. In a second Ep-
pendorf tube 6 µl Lipofectamin 2000 were mixed with 200 µl OptiMEM, and in-
cubated for 5min at room temperature. For complex formation the diluted DNA
and diluted transfection reagent were combined, inverted several times, and incu-
bated at room temperature for 20min. The cells were washed twice with 1x PBS,
before the mixture was added drop-wise onto the cells and cells were then incu-
bated at 37°C and 5% CO2. The media was replaced by normal growth media
after 3-5h. 18-19h after transfection dishes with transfected cells were placed on
ice to block endocytosis and incubated with cold OptiMEM containing Atto633
(Atto-tec, Germany) conjugated anti-APP antibody (6E10, mouse anti-A ; mon-
oclonal, Signet, Germany) for 30min. Then, cells were washed with ice cold 1x
PBS, prewarmed culture medium was addes and cells were directly investigated
by STED microscopy.
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APP: primary mouse neurons (DIV8) preparation for
RESCue experiments

Embryos (E14) from wt (C57BL/6NCrl; Charles River) mice were separated and
dissociated mixed cortical neuron cultures were prepared as described previously
[91]. Neurons were grown on poly-l-lysine-coated 15mm coverslips (Marienfeld,
Germany) in serum-free Neurobasal Media (Gibco, Germany) with B-27 supple-
ment (Gibco, Germany), 25µM glutamate (Sigma, Germany), and 0.5mM glu-
tamine (Sigma, Germany). For immunocytochemical analysis, primary neurons
were �xed with 4% PFA (Sigma, Germany) and permeabilized 10min with 0.1%
NP-40/Nonidet (Fluka, Germany) in PBS. Cells were incubated with primary an-
tibody (monoclonal anti-APP-antibody 4G8 (Chemicon, CA) diluted in 5% goat
serum in PBS) at 4°C overnight, washed with PBS, incubated with secondary
antibody (Atto565 goat anti-mouse IgG, 10µg/ml), and embedded in Mowiol
(Sigma, Germany) on glass coverslips.

Primary human cells preparation for adaptive pattern
scanning

The primary human �broblast cells were �xed with 4.5% PFA (Sigma, Germany)
for 10min and prepared with 0.1% in PBS triton x100 for 3min. The cells were
blocked in 0.5% BSA in PBS for 10min. Before the incubation with the primary
antibody, the cells were washed with 1x PBS and then incubated with anti-pax-
antibody (Sigma, Germany) for 1h. After washing with 1x PBS the cells were
incubated with Atto647N anti-rabbit-antibody for 1h. Finally after washing them
for one night in 1x PBS the cells were mounted in Mowiol (Sigma, Germany)
containing DABCO (Sigma, Germany) a an antioxidant.

Gliolblastoma cell preparation for RESCue experiments

For immunocytochemistry, the U373 glioblastoma cells were seeded on standard
glass coverslips to a con�uency of 50-80% and permeabilized with cold methanol
(-20°C) for 4-6min. The cells were subsequently washed in PBS with 1% BSA
(blocking bu�er) and incubated with primary antibodies (anti GFAP mouse IgG,
Sigma, Germany). After 1h of incubation, the cells were washed with blocking
bu�er for 10min and incubated with secondary antibodies (Atto565 goat anti-
mouse IgG) for 1h after the protocol from Molecular Probes, Carlsbad. For
imaging, the cells were mounted in Mowiol (Sigma, Germany) containing DABCO
(Sigma, Germany) as an antioxidant.
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Immunostaining of the lamina of neuroblastoma cells

The SH-SY5Y neuroblastoma cell line was grown as described previously [92].
Cells were seeded on standard glass coverslips to a con�uency of about 80%. For
immunostaining of the nuclear lamina, the cells were �xed with 3.7 PFA for 15min
followed by a 5min-treatment with Triton X-100. Before the incubation with the
primary antibody, the cells were blocked in 1% BSA in PBS for 5min. Anti-
lamin B1 rabbit IgG (Abcam, Cambridge, UK) was used as primary antibody,
anti-rabbit conjugated Atto 647N IgG as secondary antibody respectively. Both
antibodies were diluted in blocking bu�er. Post�xation was carried out with 3.7%
PFA for 10min. Cells were mounted in Mowiol.
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Software

Each �gure illustrates some part of the coding work done for the controlling
software.

User interface of the SLM error correction and control
software

Figure A.1: The GUI for the SLM error correction and the control GUI for
aberration correction
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The implementation of the scanning software in Labview

Figure A.2: The scanner software
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Figure A.3: The scanner software
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The FPGA program

Figure A.4: A more detailed representation of one layer of the code written
for the FPGA program



86 A Appendix

Aberration correction with SLMs

The use of a fully calibrated SLM goes beyond the possibility to apply any
wanted phase mask. Since the SLM can be freely programmed even inside the
optical path of the STED beam, it can be used to (pre-) compensated any phase
error introduced by the setup.
Since each pixel can be adjusted independently an e�cient way of controlling
all pixels for aberration correction must be found. A commonly used set of
orthogonal functions correlating with many known optical errors are the Zernike
polynomials [93] .
To provide the aberration compensation the SLM control software was modi�ed
to produce the �rst 22 Zernike polynomials. Fig. A.5 shows the �rst eleven
Zernike modes (the piston mode is not shown).
For the STED setup used for the experimental validation in this work no major
degradation due to aberrations was detected. Hence, all measurements where
performed by using only the Tip-mode. This mode was used to adjust a phase
ramp onto the SLM to ensure a di�erent STED PSF minimum position compared
to the position of the re�ected light of the coverslip.

IO Board layout for the FPGA card

For using the FPGA as a controlling device for the complete optical and elec-
tronical setup an additional IO board was designed to provide fast access to all
analog and digital input and outputs. Fig. A.6 shows the designed PCB later
constructed from the DKFZ Elektronikwerkstatt.

The use of additional pixels to provide smooth

acceleration changes

Since the galvanometer driven mirrors perform two acceleration changes at the
beginning of each scanned line, the �rst pixels in each line are erroneous. An
implementation of a bi-directional scan would reduce the number of erroneous
pixels but would not completely solve the problem. Instead a number of interpo-
lation coordinates are feed to the scanner for each performed jump to provide a
more continuous acceleration change. These, so called insert pixels, are not only
calculated at the beginning of each line but are also necessary for the adaptive
scan pattern.
The insert pixels lead to error free images even for fast scans but decrease the
e�ciency of the duty cycle for a smaller number of line pixels.
The user or an automatic routine can provide the number of insert pixels. The
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coarse scan.
In order to circumvent this problem an automatic routine must supply the re-
quired threshold in a much shorter period of time than the complete image acqui-
sition time. One possible algorithm fast enough to provide a reliable threshold for
�uorophore images is a threshold algorithm according to Otsu [94]. It assumes
two distributions present in the image. This premise is ful�lled by all monochro-
matic �uorescence images. All presented adaptive measurement applied the Otsu
segmentation routine.
The �rst implementation of the concept resulted in a pixel shift between the coarse
and the �ne scan pattern information. This problem is not inertia dependent as
the erroneous pixels after jumps but results from di�erent scanner speeds. An
analysis of the scanner behavior for di�erent speeds revealed a linear dependency
between the induced pixel shift and the scanner speed (see �g. A.7). The data
was acquired by measuring the introduced shift of the center of the excitation
PSF due to di�erent mirror rotation speeds. The software was adapted using this
linear pixel shift function between the coarse and the �ne-scan for all presented
experimental data.

Figure A.7: The �gure shows the induced pixel shift due to di�erent scan
speeds. The red points represent the measured data. The blue line shows
the linear least square �t of the experimental data. The linear �t represents
a good approximation of the real function.
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