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Zusammenfassung:

Gesittigte Entvolkerung durch stimulierte Emission (engl.: stimulated emission
depletion, STED) durchbricht die Abbesche Auflésungsgrenze in der Fluoreszenz-
Mikroskopie. Dabei wird die Fluoreszenz durch einen Abregungs-Laserpuls im fo-
kalen Randbereich verhindert. In dieser Arbeit wird theoretisch und experimentell
gezeigt, dass die Kombination mit einer weiteren Technik, der 4Pi-konfokalen Mi-
kroskopie, zu bisher unerreichten Axialauflésungen in der Lichtmikroskopie fiihrt.
Zentraler Teil der Arbeit ist der Aufbau eines solchen STED-4Pi Experiments.
Simulationen sagen eine Uberauflésung von etwa 30 nm voraus, die an diinnen
Fluoreszenzschichten verifiziert wird. Dieses Ergebnis gilt als bisher beste Axial-
auflosung eines Lichtmikroskops. Erste biologische Bilder mit 40-50 nm Auflosung
werden an membrangefirbten Bakterien gewonnen. Ein zentrales Problem dieser
Technik ist die Fotostabilitdt der Farbstoffe. An den Bakterien wird exemplarisch
gezeigt, dass Verlangerung der Abregepulsdauer zu deutlich héherer Fotostabilitét
fiihrt. Ein unter STED-Bedingungen stabiler, amino-reaktiver Farbstoff ermdog-
licht die ersten iiberaufgelosten Immunofluoreszenz-Aufnahmen an S&ugerzellen
mittels STED-Technik. Diese haben eine Auflésung von 50 nm entlang der opti-
schen Achse. Abschliefend wird gezeigt, dass im STED-4Pi Mikroskop zusétzlich
STED-Techniken zur lateralen Auflosungserh6hung einsetzbar sind. Damit wird
zukiinftig eine simultane Uberauflésung von mindestens 100 nm lateral und 50 nm
axial moglich werden.

Abstract:

Saturated stimulated emission depletion (STED) has been shown to break Abbe’s
resolution limit in fluorescence microscopy. This technique suppresses fluorescence
at the focal rim by use of a depleting laser pulse. In this thesis, theoretical and
experimental examinations show that the combination with another technique,
namely 4Pi-confocal microscopy, leads to a yet unreached axial resolution in light
microscopy. The central part of this work is the performance of a STED-4Pi expe-
riment. Simulations predict a superresolution of about 30 nm that is confirmed in
experiments with ultrathin fluorescent layers. These results are so far considered to
have the highest axial resolution for a light microscope. First biological images are
recorded with membrane labeled bacteria at 40-50 nm resolution. A major issue
is the photostability of the fluorescent dyes. With the bacterial samples, it can
be exemplarily demonstrated that longer depletion pulses increase photostability.
An amino-reactive dye, that is stable under STED conditions, enabled the first
superresolved mammalian immuno-fluorescence images. They reveal a resolution
of 50 nm along the optic axis. Finally, a further implementation of an additional
STED beam for lateral resolution enhancement is demonstrated. In future, this
will enable simultaneous superresolution of at least 100 nm in the lateral and 50
nm in the axial direction.
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Chapter 1

Introduction

1.1 Roads to the nanoscale

It is part of the human nature to observe the environment to gain knowledge about the
world. “Looking closer” at objects and subjects is therefore one of the major tasks of sci-
ence. While “looking” in this literary sense can of course have a wide range of meanings and
involves very different technologies, optical imaging is for sure one of the essentials. Incipi-
ent with telescopes for the large scale, it extends to optical microscopes which were the first
breakthrough-technology for modern biology [33]. Still today, optical microscopy is one of the
key technologies in cell biology since looking inside the interior of a functioning cell can only
be performed by light. Unfortunately, the wave-nature of light does not allow a representation
of details smaller than 0.61A/N A [64], where X is the vacuum wavelength of light and NA the
numerical aperture of the imaging system (e.g. the lens). This fundamental law, referred to as
the diffraction limit, was discovered in 1873 by Ernst Abbe [1]. Till this day, it still holds true
if the task is to describe the focusing process of light. From the knowledge of our days it has
to be revised to some extent if it is concerned with the imaging process under specialized con-
ditions [24]|. However, for an ordinary optical microscope, it limits the resolution to about 200
nm in the lateral and 500 nm in the axial direction (along the optic axis). Therefore, during
the last century, a lot of subtle developments took place to obtain more detailed images.

One attempt is to reduce the wavelength A since the NA can reach a value of 1.4-1.6 at the
most!. This is realized in x-ray microscopy where wavelengths of 2-4 nm are used. Because
of lack of high refractive index materials, (diffraction based) Fresnel lenses need to be used
for x-ray optics and a resolution of 30 nm has been reported [52]. X-ray radiation is of course
not compatible with live cells and therefore only applicable in-vitro. Additionally, the limited
number of high intensity x-ray sources at the moment excludes its wide spread use.

Another approach is the use of matter waves, since its de Broglie wavelength is as short
as about 1073 nm (for a typical electron microscope) . High energy electron beams are used
in electron microscopy (EM) [65] and a resolution of 0.1 nm can be obtained in biological
samples. Since this technique has a resolution better than the size of a typical protein (5
nm), it is widely used in cell biology. EM-sample preparation involves cutting the sample into
thin slices and, in most cases, marking them with contrast enhancing materials such as gold.
Snapshot-like images of cellular structures can be recorded by rapidly freezing the sample to

!The numerical aperture is limited technically and by the availability of optical materials with high refractive
indices.
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low temperatures during a timescale of some milliseconds, while the imaging process itself
lasts longer. Focusing is realized through electromagnetic forces supplied to the electrons.

Scanning probe microscopes utilize a tip or solid sensor that is scanned above the surface of
the object under investigation. The tip-surface interaction gives the contrast parameter for the
obtained images. In atomic force microscopy (AFM), the electromagnetic interaction between
one atom (or a cluster) at the tip-apex and the surface is used [4]. Another approach is to
measure the tunneling currents from the tip to the surface (scanning tunneling microscopy,
STM) [5, 6]. Scanning probe microscopes reach atomic resolution, but they are inherently
surface bound.

The scanning nearfield optical microscope (SNOM) [71, 61, 49| is an optical microscope
that does not use focused light and is therefore not diffraction limited. The trick is to use
a nanoscaled tip with a light emitting aperture much smaller than A. Whereas the escaping
light propagates divergently away from this aperture according to the diffraction theory, in the
so called nearfield region, the area of illumination is defined by the dimension of the aperture
itself, not by the wavelength. While the tip is scanned over the surface, the illuminated area
has a dimension of 50-100 nm. Pulled optical fibers coated with metal are commonly used as
tips. In this case, the penetration depth of light (approx. 10 nm in metals) limits the achievable
resolution to about 20 nm in theory which, to my knowledge, has not been met in practice, as
yet. One of the main problems is the light throughput through the fiber. Besides, the distance
to the surface has to be held constant. To control this, mechanical shear rate (tapping mode),
an AFM or STM has to be used. Therefore, the optical contrast may just represent the force
or tunneling contrast, which causes the risk of image artifacts [21]. The implementation of
different tip systems, e.g. a single molecule acting as a nano-antenna, may enable nearfield
resolution in the nanometer range [82, 67, 53|. Total internal reflection (TIR) microscopy
also uses nearfield excitation to improve the axial resolution down to the penetration depth
of light. Therefore, the evanescent wave at total reflection is used for illumination [70, 2, 74].
However, both nearfield versions are as well surface bound.

In conclusion, among all the state-of-the-art technologies, the optical farfield microscope,
based on focused light, is the only way to image the interior of live cells. Because of that reason,
the optical microscope, despite its comparatively low resolution, remained the workhorse in
cell biology and medical science. Improvements in imaging speed and spatial resolution are of
great interest and took a lot of effort during the last decades. A brief overview of important
developments is given in the next section.

1.2 Modern optical farfield microscopy

Starting from the end of the 19** century, the field of optical microscopy was almost stagnating
for nearly 100 years, while the number of applications dramatically increased. The reason is
that after the development of Abbe’s diffraction theory in Jena, the Carl Zeiss company al-
ready in those days was able to produce (apochromatic) microscope objectives with diffraction
limited resolution of ~1/4 pum. While the focusing optics was optimized in the meantime, the
discovery of the laser initiated a modern renaissance of optical microscopy.

The laser scanning microscope [81] utilizes focused laser light to illuminate the specimen.
If the focal spot is scanned through the object, the recorded signal (e.g. reflected, transmitted,
scattered or fluorescence light) point by point reveals the image of the sample. This concept
became only possible after the availability of lasers, since no intense point light source existed
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before that could have been focused to a diffraction limited spot. The focal light distribution
is called the point spread function (PSF). The PSF can be interpreted as the signal response,
i.e. the image, of a point object. Thus, its meaning is very essential since the spatial extent
of the PSF determines the smallest dimension that can be resolved in the image. The smaller
the PSF, the finer the details that can be reproduced, if scanned through the focus; a huge
PSF would blur tiny structures. For increasing the resolving power, the goal is to produce a
PSF as small as possible. As mentioned, an easy but restricted way is to shift A to shorter
values, besides using objectives with a maximal numerical aperture, leading to ~ 180 nm
lateral resolution. Further, the often innovative advances in designing small PSF are referred
to as point spread function engineering.

One of the earliest innovations in scanning microscopy was the confocal microscope [54].
Useful versions became possible by the use of lasers and digital data recording in the late 1980’s
[80, 60]. In a confocal arrangement, the object is illuminated by the focused spot produced
by a point source of light. In fluorescence microscopy, it is referred to as excitation PSF, heye.
The detection signal is imaged again by the objective onto a point detector, i.e. a spatial filter
smaller than the Airy disk of the imaged detection light. Light coming from regions outside
the proper focal volume, i.e. from the cones of the focused excitation light above or beneath
the focal plane, will be defocused at the point detector and therefore will not contribute to
the signal. By this discrimination the of out-of-focus light, the confocal microscope for the
first time enabled a real 3D resolution. The detection process can be described by a proba-
bility distribution at the focal area for a signal photon to be detected by the point detector.
This distribution is depicted by the detection PSF, hge;. In the same way, an excitation PSF
can be seen as the probability distribution for the interaction of the excitation light with the
specimen. The overall probability for detecting a photon therefore is given by the confocal PSF

hconf (7) = hexe(T) hget (T) =~ hezc(":‘)? (1.1)

The identity of (1.1) is valid, if excitation and detection wavelength are the same, and if
the detector has a vanishing diameter. The multiplication of both PSF’s leads to a quadratic
suppression of outer focus light, which enables the real 3D performance with an axial resolution
of =~ A. Also the lateral resolution is improved by the detection process compared to a standard
light microscope. Today, the confocal microscope can be seen as the standard device for high-
end biological imaging and spectroscopic applications down to single molecule sensitivity.
Therefore, the developments in this thesis are compared to a confocal setup.

Also other approaches were successful, like two photon fluorescence microscopy. Here, a
nonlinear absorption process is utilized, that was first predicted by Maria Goppert-Mayer in
the 1930’s [14]. Two photon absorption is a quantum-electronical process of the concomitant
absorption of two photons with energy hr that provide a single excitation energy of 2hv.
For pronounced two photon absorption, high electromagnetic field energies are needed, which
made the experimental realization not possible until the availability of ultrashort laser pulse
sources [7]. The absorption is proportional to the square of the light intensity and that limits
the fluorescence excitation to the high intense focal area of a microscope. Similar to the
confocal principle, this yields a quadratic dependence of the (effective) PSF on the light field,
i.e. hophoton < h%,.. Two photon microscopy (TPM) enables optical 3D sectioning in the same
way as a confocal microscope even without a detection pinhole. This makes TPM useful for
highly scattering samples as brain slices or tissue. The fluorescence is known to be excited only
in the confined volume of the focus and can be collected without further spatial restrictions.



CHAPTER 1. INTRODUCTION )

Also important, the doubled wavelength compared to single photon absorption enables deep
focusing in highly scattering media. This made TPM an important tool in neuroscience and
tissue research that enables nearly confocal resolution. However, increased photobleaching
and expensive laser sources prevent a broad application in cell biology.

Further novel techniques take advantage from interference of two counterpropagating fields
focused through two opposing lenses. These concepts are a prime example of PSF engineering,
since the PSF has inference maxima more compact in the axial direction by a factor of ~ 4—5.
The doubled effective numerical aperture yields 90-140 nm axial resolution. 4Pi microscopy
[23, 25] works in a confocal setup with either one or two photon excitation , I°M [20, 18]
is a widefield version working with illumination from a common lamp and standing wave
microscopy [47, 3]is a low numerical aperture version useful for axial distance measurements
only.

As in the confocal concept, the lateral resolution can also be improved by a factor of about
2 through structured illumination patterns created in the entrance pupil of the objective [19].
Final deconvolution is needed to reveal the image. This technique uses widefield microscopes
and can for example be combined with a I°M setup. For point scanning microscopes, an
analogous approach utilizes phase masks in the entrance pupil.

An early and intriguing concept of PSF engineering based on phase modulation of the
incident wavefront should be mentioned here too. Toraldo di Francia proposed in 1952 that
the focal distribution can be arbitrarily adjusted at n points if the phase of light is skillfully
shifted in n rotationally symmetric ring zones of the aperture [75]. For n— oo, this enables
central peaks of light, to be as sharp as desired. In this theory, the Abbe limit can be broken
by subtle phase modulation of the incident wave. This becomes possible since the concept is
related to the intensity distribution of light, while the contributing field amplitudes of each
ring zone itself are all in the Abbe range. For definition, in this thesis, the resolution is
called sub-diffraction sized if the corresponding optical transfer function contains
frequencies above the Abbe limit. In Toraldo’s concept, diffraction inherently enforces
that light is diverted away from the focal point. The smaller the central peak is designed,
the larger will be the amount of deviated light. In other words, in the Fourier depiction, the
optical bandwidth can be exeeded without limit, but the amplitudes of really high frequencies
will be strongly attenuated. For a realistic signal-to-noise ratio, the attainable resolution gain
ought to be less than an order of magnitude, always requiring image deconvolution. To the
best of my knowledge, not more than only PSF-measurements were so far realized.

Important progress in the field of studying molecular processes at the nanoscale was
achieved by spectroscopic approaches, accepting the limited resolution of a light microscope.
A review of cell biological applications of this fast developing field is given for example in [50].
Fluorescence correlation spectroscopy (FCS) allows the investigation of diffusion, molecular
dynamics and chemical reaction in solution and also in live cells. Fluorescence lifetime imaging
(FLIM) uses the lifetime of the excited state to create an image contrast that is sensitive to
the chemical environment of fluorophores, unfortunately with low dynamics. Fluorescence en-
ergy transfer (FRET) became a prominent way to analyze colocalisation and chemical binding
of compounds. FRET is a process that transfers energy from an excited donor molecule to
an acceptor due to a nearfield dipole-dipole interaction. FRET is efficient only for distances
smaller the Forster radius of typical some nanometers and scales with r—5, if r is the dipole
distance. Thus, (red shifted) fluorescence of the acceptor can only be observed, if a donor is
present inside the Forster radius. An acceptor signal therefore is an indicator for chemical
binding or colocalisation. In conjunction with immunolabeling techniques and genetic coded
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Figure 1.1: Spectroscopic STED diagrams. (a) 4-Level Jablonski diagram of a dye
molecule that sketches one STED cycle. ke is the excitation rate from the ground state
So to the vibronical excited state ST, ks and ksrrp are the free and induced relaxation rates
to the vibrational excited state Sg. (b) Excitation and emission spectra of a typical far-red
emitting STED dye (RH414). Also marked are the spectral positions of the laser lines and the
fluorescence detection range. STED is normally applied at the red edge of the Stokes shifted
fluorescence spectrum to prevent residual reexcitation.

fluorescent proteins as GFP, YFP and DsRED [76, 51|, this is a innovative tool to study
molecular proximities without having molecular resolution [62, 44].

However, a resolving power in the nanometer range with a focusing light microscope would
be an ultimate tool for any cell biologist, since it still will be the only way to study the
nanostructure of cell organelles. A couple of years ago, this was believed to be impossible.
During the past years, this goal seems to become achievable by the invention of saturation

based microscopy, where one of the most promising techniques is stimulated emission depletion
(STED).

1.3 Saturated stimulated emission depletion (STED)
microscopy

Important improvements in light microscopes have been realized. But all of them — except
the nearfield based SNOM and TIR-FM — still are restricted by the wavelength. Progresses
in the field of high resolution optical microscopy became possible through the availability of
laser light. An innovative idea of really breaking the diffraction resolution limit in fluorescence
microscopy [30] is related to lasers in a direct manner: The concept of stimulated emission
depletion does not only use laser sources for its implementation, but very essentially benefits
from the underlying principle of any laser, stimulated emission, that was first predicted in
1917 by A. Einstein [12].

The basic idea is to reduce the focal extent of a fluorescence microscope by cancelling out
fluorescence emission of excited molecules at the edges of the excitation PSF. The prohibition
of fluorescence is achieved by a competing process that is much more effective: stimulated
emission. In order to realize that, fluorescence molecules are excited by ultrashort laser pulses
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to the vibronic state S§ within the diffraction limited focus of a common objective lens (see
Fig. 1.1(a)). After fast thermal relaxation to the vibrational ground state Sp, a subsequent
red-shifted laser pulse (STED pulse) couples excited molecules back to a vibrational excited
ground state S5. The excitation energy is carried away by a (stimulated) photon, that is
indistinguishable from the (stimulating) photon of the STED pulse. As already predicted
by Einstein, the light induced coupling of S; <+ Sj not only opens up stimulated emission
S1 — S5, but also absorption S; < S; with the same probability. Similar to the situation
in a laser medium, the population of both levels could only equilibrate. This would mean
only half a suppression of fluorescence. Fortunately, the thermal relaxation S5 — Sy with
Eyip = 10 — 10'3 sec™! immediately empties the population of S§ and prevents further re-
absorption steps. Thus, for ¢ > k;lé a complete transfer of the Si-population to Sy can be
achieved. Therefore, the STED-pulse duration 7 has to be > kv_“l) On the other hand, the
transfer has to happen much faster than the fluorescence emission due to the spontaneous
decay with the lifetime kﬁl ~ 1072 sec. This gives the important condition on the length of
the STED pulse

kyp <7 <L kgl (1.2)

vib
that determines the STED-pulses to be in the range of some 10-100 ps. For a complete
depletion of the excited molecules, the transition probability for stimulated emission, chsrrp,
has to be > 1. o is the cross-section for stimulated emission. hgrpp is the pulse photon
density, meaning the number of photons crossing the unit area per pulse.

If the STED pulse fulfills these conditions and does not excite the molecules from the
ground state itself, it hinders the emission of fluorescence in a non-invasive way. The spatial
distribution of the STED focus hsrrp(7) (referred to as STED-PSF) is chosen such that no
intensity is focused into the focal point, but in its direct proximity. Hence, molecules at the
rim of the excitation spot will remain “inactive” and fluorescence originates only from the
center of the excitation focus. This has the same effect as squeezing the excitation point
spread function to smaller extents, which is not possible due to the wave-nature of light.

For a detailed mathematical and spectroscopic description of the STED effect and its
implementation in microscopy see e.g. |24, 37]. Here, important aspects and formulas re-
lated to its capability of breaking the diffraction resolution limit are shortly discussed. The
spectroscopic behavior of an organic molecule can be described by a four-level energy scheme
(Jablonski diagram), as shown in Fig. 1.1(a) [45]. Its dynamic behavior in a STED experiment
is described by a system of four partial differential equations for each energy level

DNl = KeeelINA(D) ~ N (0] + R No) (13)
DNalt) = BuNo(t) — hsren (ONa(t) — No(t)] — ko No(t) (1.4
DNat) = —kplNo(t) + ksren(DNo(t) ~ Naft)] + K Na(t) (15)
DNt = ke INA(D) ~ N (D] ~ ks Na(1), (1.6)

where Np,..Ny are the population numbers of the four energy levels, ke,.(t) the excitation
rate, Ky, kyip the electronical and vibrational relaxation rates of the molecule, and ks7gp(t)
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the induced transfer rate by the STED pulse. It has been assumed that the vibrational rate
kyip for the Sy and S; manifold are equal. kez(t) and ksrrp(t) are time dependent due to
their pulsed action. It is kgrrp = @ during STED pulse action, if rectangular shaped
pulses are assumed for simplicity.

The effect of fluorescence inhibition can be clarified under the simplifying condition that
ki, = 00.2 Thus, during a well defined excitation pulse length, Ny molecules are transferred
to Sy by the excitation pulse (Ny(t > 0) = 0; STED begins at t=0). Besides, molecules fall
directly to Sy during STED (N2(t) = 0). Then, the solution of (1.5) yields a population of S;
directly after the STED pulse duration 7, that is given by

N3(7') = Ng exp(—[kfl + kSTED]T) = Ng exp(—kfﬂ) eXp(—UhSTED).

Compared to the situation without stimulated emission (hgrgp = 0), the amount of exited
molecules (N3) — and therefore the fluorescence signal — is reduced by

n(hsrep) = exp(—chsTeD). (1.7)

1 is called the STED suppression coefficient, since it describes the amount of fluorescence
inhibition. n(hsrrp) is a function that is accessible by experiments and can vary under real
conditions. However, also for real molecules, (1.7) is a good approximation if the vibrational
relaxation is short compared to the STED pulse duration, and if the STED pulse does not
prevent fluorescence by further processes, e.g. photobleaching. For numerical simulations of
n(hstep) see [37]. Experimental depletion curves are published in [38, 40, 78, 8, 9].

The most important aspect of (1.7) is the strongly nonlinear dependency of the remaining
fluorescence on the STED intensity, which is caused by a saturation behavior of STED. Any
arbitrary small amount of leftover fluorescence dn < 1 can be achieved by a finite value
of hgrgp. Any further increase has only small consequences on the signal suppression, i.e.
STED is saturated. Indeed, Fig. 2.1(d) demonstrates that pronounced saturation curves
can be experimentally realized. The actual breaking of the diffraction limit stems from this
saturation-nonlinearity, since the STED-PSF hgrgrp(7) itself still is diffraction limited at its
best performance. The final distribution of excited molecules, i.e. the effective point spread
function h.yrs(7) of the confocal STED microscope is given by the confocal PSF multiplied
with the local STED suppression coefficient

hef(7) = hewchaet(hsTED) ~ hewchdet €xp(—0chsTED). (1.8)

hs7ep(7) importantly has to support low intensity in the focal point to ensure n(hgrgp(0)) ~
1. This ensures that fluorescence will be unaffected in the central area. In the surrounding,
focused STED intensity suppresses fluorescence. For a certain, finite intensity nearly complete
suppression (n < 1) will be reached at the intensity peaks maz(hsrrpp(7)). Further increase
of hgrgp will enlarge the region of full suppression, until a very small volume of exited
molecules remains only in the center. Indeed, theoretically this volume can be reduced to
molecular scale, if maz(hsrpp) is increased to infinity and n = 1 is ensured at the focal point.
Thus, the Abbe limit, as concerned to the smallest extent of focused light, does not at all

?This is a good approximation, if 7> kv_l}) is fulfilled. Only slight deviations would occur under considera-
tion of kyuip.
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limit the resolution of a STED microscope. Limitations are given in practice by the maximal
power that can be applied to the dye molecules under photostable conditions and by residual
intensity at 7 = 0 due to optical imperfections or scattering.

Also other microscopes that allow sub-diffraction resolution rely on a nonlinear relation-
ship between the intensity of light and a signal related parameter, e.g. the cross-section for
absorption (multi-photon microscopy) or stimulated emission (STED). So far, the PSF of a
two-photon microscope has to be called sub-diffraction sized, since its excitation volume is
shrunk due to the quadratic dependency of excitation on the field energy.

However, there is a major difference to the STED nonlinearity based on saturation. The
quadratic nonlinearity in two-photon and confocal microscopy (through nonlinear absorption
and multiplication with a detection PSF) gains only resolution enhancement of a constant
factor, that is in the order of 1, whereas any saturation based nonlinearity can gain arbi-
trary resolution. Indeed, also other types of saturation effects could be used, as ground-state
depletion (GSD) [28] or saturated pattern excitation microscopy [22]. The theory for these
techniques is analogous to STED, if the specific nonlinearity is implemented instead of 7.
In practice, ground-state depletion is not expected to be very photostable, since it involves
triplet states. Unfortunately, saturated excitation automatically entails the need of further
image processing, since it initially enlarges the PSF and creates steep edges near the min-
ima. Image information then has to be extracted in the frequency domain. So far the first
realization of saturation microscopy was achieved by STED [41, 38].

In this thesis, the first realization of a STED microscope is presented, whose STED-PSF
is created in 4Pi-mode. This synergistic combination of STED- and 4Pi microscopy was
predicted to be very efficient due to the narrow intensity distribution that is produced by the
focused standing wave. Indeed, a unique resolution in the range of tens of nanometers could
be verified.



Chapter 2

STED in a 4Pi-confocal microscope

STED is a process where saturated depletion of fluorescence defines the final focal extent
rather than the intensity distribution of the focused light. Therefore, the most important
requirements are stable fluorophores and matched physical parameters of the stimulating light
to achieve a highly efficient depletion of the excited state. Furthermore, an almost complete
vanishing of STED light intensity in the focal point is essential to maintain most molecules
excited under strong saturation conditions. However, the final resolution is determined by
both the STED saturation and the distribution of stimulating light, hsrrp(7) .

All optical requirements concerning a narrow central minimum and good control of its
intensity through interference are fulfilled in a 4Pi microscope, if used to form the STED-PSF
[8, 69, 31]|. In a 4Pi-confocal microscope, the focus is produced by coherently focusing light
through two opposing lenses. The central peak of the interference pattern is 4-5 fold smaller
in the axial direction compared to a standard confocal microscope [23]. While this technique
itself produces images with =100 nm axial resolution, here the interference based PSF is used
for stimulated emission. For this purpose, the relative phase of the two counter-propagating
waves in the focal point ¥ = 0 is set to m, leading to destructive interference. Due to the
doubled effective numerical aperture of a 4Pi microscope the central minimum with an axial
FWHM of ~ ﬁ is much smaller than that of single lens techniques [38]. In fact, resolution
enhancement by 4Pi microscopy and STED are based on completely different processes that
add up. In this chapter, the implementation of STED in a 4Pi microscope will be discussed
and experimental verification for axial resolutions down to 33 nm will be presented. Results
of this chapter are partly published in [8].

2.1 Concept and Calculations

The implementation of STED can be realized by coupling two pulsed and synchronized laser
beams (for excitation and STED) into a 4Pi microscope. This is done in a way that the
excitation pulses pass into the focus through one of the two objective lenses only. After a delay
in the picosecond range, the STED pulses are propagating in opposite directions through both
lenses and build up a standing wave with destructive interference in the focal point, shortly
called destructive 4Pi-PSF. The remaining fluorescence is collected in an epifluorescence mode
by the excitation lens and confocally detected by a point detector.

Following the focusing theory by Richards and Wolf for high numerical apertures [66], the

10
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focal intensity distribution of a (aplanatic) 4Pi-PSF is given by

n2XeoT | =

hstep(7) =~ |Ea() + By(7)? (2.1)
with
N —iEgnf a 2w . )
Ei(r,z,¢) = f/o /0 Veos ¥ sind exp{i[¥(9) + k(s — f)]}
cos?(¢' — ¢) cos(d) + sin?(¢' — ¢)
x | sin(¢ — ¢) cos(¢' — P)[cosd — 1] | d¢p'dv
—cos(¢ — ¢) sindd
and
1 0 0
By(r,z,¢) = | 0 =1 0 |Ei(r,—2z—¢)exp(AD),
0o 0 -1

where hgrpp denotes the PSF in photons (per STED pulse) per area and El’g the electric field
amplitude in cylindrical coordinates for each objective, respectively. Ejy is the pulse-averaged
amplitude at the lens entrance pupil, ¢ the vacuum speed of light, g the permittivity of free
space, f is the focal length, s the path from the point (f, 9, ¢’) on the converging wave front to
(r,z,¢), and k = %Tn the wave number in a medium with refractive index n. AW is the relative
phase shift of the two (identical) wavefronts of both lenses. AW is zero for a constructive and
7 for a destructive 4Pi-PSF, respectively. The aberration function W(«J) describes the phase
deviation of the converging wave front from a spherical one. For unaberrated systems, it is
U () = 0. The excitation and detection PSF hey., hger can easily be calculated by the use of
Formula (2.1), setting ¥ () = 0, Ey =0 and using the correspondent wavelength Aeze, Aget-

Since a destructive 4Pi-PSF exhibits a central minimum and neighbored maxima with a
distance of = A\/2n, it is highly appropriate for STED microscopy. This is especially true,
because of the smaller distance of axial maxima compared to light distributions used so far
for axial resolution enhancement [38, 39]. Additionally, a sensitive control of the central
minimum can be realized by adjusting the intensities and polarizations of the two beams in
each interferometer path.

However, the 4Pi-PSF will exhibit higher order minima that, if used for the depletion pro-
cess, will remain fluorescent at the location of these minima. Thus, the effective STED-4Pi-
PSF would have fluorescence sidelobes similar to the situation in a standard 4Pi microscope.
To eliminate these sidelobes, one can introduce a specially designed aberration function W ()
prior to the beamsplitter of the 4Pi interferometer. This leads to an identical wavefront shape
in both interferometer paths. If adjusted to destructive phase AV = 7 in the focal plane,
any part of the converging wavefront still will cancel out with the corresponding part of the
opposite wavefront. Thus, the PSF will conserve the central vanishing point of intensity due
to the symmetry of the 4Pi microscope. In general, this holds no longer true for offset points
of the focus (i.e. for the former higher order minima), because the propagation behavior of
both beams is changed. In principle, any ¥ («) will retain the zero intensity in the focal plane
[26]. For the goal of efficient depletion at the axial rim of the spot, at least the minima next



CHAPTER 2. STED IN A 4PI-CONFOCAL MICROSCOPE 12

Figure 2.1: Calculated point spread functions of the STED-4Pi microscope. (a) Ex-
citation PSF and (b) STED-PSF with destructive 4Pi-interference and an artificial aberration
function W(¥), as described in the text. (c) depicts the local depletion 1—n(hsrpp) under sat-
uration condition with maz(hsrrp)=4 x 10’ cm~2. The underlaying experimental depletion
curve is shown in (d), where hgrgp is the spatialy averaged photon densitiy aveq(hsrp(7)).
Curve (d) was measured using a standard STED-PSF of kind (a) that was covering heze. (€)
shows the resulting effective PSF and (f) the axial response.

to the central one should be eliminated. Because of the simplicity of manufacturing, a two
zone phase filter

U (9) = mmO(9 — Pa) (2.2)

was chosen, where 0 < ¢ < « denotes the semi-aperture angle and ©() is the Heaviside step
function. This phase aberration e.g. can be produced by a circular phase delaying coating
placed in the inner part of the entrance aperture (¢ < P«). Thus, a plane incident wave will
be changed to an inner and outer part, both with a plane wave front, but delayed by mm.

Calculated point spread functions of the STED-4Pi microscope are shown in Fig. 2.1. Part
(a) depicts the excitation spot hege(r, 2,0), while Fig. 2.1(b) shows hgrgpp(r,z,0) for m = 0.4
and P = 0.37 as chosen for all oil immersion objective experiments in this work. For the
unaberrated case, all minima along the optical axis have vanishing intensity. In the aberrated
case, first and second order minima show finite intensities. Especially, a significant amount of
light is distributed at the location of the first order minima.

This light distribution still is diffraction limited with respect to the full numerical aperture
of the 4Pi microscope. Bypassing the diffraction limit is achieved by using hsrpp(7) under
saturated depletion conditions. The effect of saturation can be seen in Fig. 2.1(c) that
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Figure 2.2: STED-4Pi Setup. (a) is a schematic sketch of the STED-4Pi microscope as used
for the experiments in this chapter. (b) explains how the converging spherical wavefronts of
the depletion beam is changed by the two-zone phaseplate.

represents 1 — n(hsrep) (see Formula (1.7)). The underlying n(hsrrp) as shown in Fig.
2.1(d) was measured at a thin layer of Pyridine 2 molecules adsorbed at the surface of a
coverslip. The absolute value of maz(hstrp) = 4 x 107 cm™2 chosen for calculating Fig.
2.1(c) is in agreement with typical experimental conditions'. In the white areas, molecules
excited by the spot of Fig. 2.1(a) are efficiently depleted to the ground state. The resulting
hesy () presented in Fig. 2.1(d) is calculated according to Formula 1.8. Fig. 2.1(e) shows the
axial response V(z), defined by

2w oo
V(z) :/0 /0 hef(r, z, §)r drde. (2.3)

The meaning of V' (z) is the signal of an infinitely thin fluorescent layer (lying in the (r,¢)-
plane) scanned along the optical axis z and therefore a good measure to compare with latter
experiments. V(z) reveals an axial FWHM of 36 nm. This is a factor 15 smaller than
the excitation wavelength A.;.=555 nm used for the calculation and therefore far below the
diffraction limit.

Under experimental conditions, the dimension of the remaining spot of excited molecules
depends strongly on the depletion curve n(hsrgp) and the maximal applicable STED intensity
maz(hsTep), that is limited by photobleaching and photo destruction of the sample. How-
ever, experiments presented in the next sections will prove the accessibility of the predicted
resolution of some tens of nanometers.

2.2 Experimental Setup

For experimental realization of the STED-4Pi concept, a setup schematically sketched in Fig.
2.2 was built. Synchronized laser pulses for excitation and STED are coupled into the micro-
scope via the mirror M1 and the dichroic mirror DC1 overlaying both laser beams. The pulses

! Assuming a cross section for stimulated emission ¢ = 107 *®em™2 for Pyridine 2 this is 40 times over
saturation threshold (n = 0.5).
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are produced by a femtosecond laser system consisting of a mode-locked Titanium:sapphire
laser? and a synchronously pumped parametric oscillator® operating at f =76 MHz. Both
lasers can be tuned together and STED wavelength of 745 and 760 nm were chosen for all
experiments in this chapter. The corresponding OPO wavelength is 554nm and 558nm, re-
spectively.

The =250 fs excitation pulses are passed through the beamsplitter BS and reflected by
the dichroic mirror DC2 into the objective lens L1 creating heyo(7). A long pass filter RG665
ensures that excitation light is blocked in the right interferometer arm. The 120 fs Ti:sapphire
laser pulses (STED pulses) are stretched by a self-constructed grating stretcher with two
holographic gratings® to a final duration of 7 =13 ps for efficient depletion (see chapter 1).
At the beamsplitter BS, the STED pulses split into the 4Pi interferometer paths and are
coupled by dichroic mirrors DC2 and DC3 into the objective lenses L1 and L2. The lenses are
pairs of oil immersion lenses (NA=1.4) or water immersion lenses (NA=1.2) for the different
experiments. Destructive phase (AW = 7) of the 4Pi-PSF is adjusted by a piezo actuator
acting on BS. For realizing hsrpp(7) of Fig. 2.1, a phase delaying mask was placed into the
STED beam prior to BS as shown in the inset. For the phase masks, a circular MgFs-layer
coated on a plane glass substrate is used. The phase plate parameters for oil immersion are
Moy = 0.4, Py = 0.37 and for water immersion myyger = 0.56, Pygter = 0.57 (see Formula
(2.2)), as used for all experiments in this thesis. The modified converging wavefronts, focused
by the objective lenses, are shown in part (b). By using cuvettes with a CuSOg4-solution in
ethylene glycole, acting as absorption elements with adjustable transmission by changing the
concentration, it is ensured that in the common focus of L1 and L2 both beams have the same
power with a precision of ~1-3% (not shown in Fig. 2.2). The linear polarization of the STED
pulses is parallel to the excitation polarization.

The sample was placed on a piezo driven 3D scanning stage® between the objective lenses
and image recording was performed by scanning the sample stage. This ensures better control
of aberrations, since beam propagation is fixed along the optical axis. After each pulsed
excitation and picosecond delayed STED cycle, the fluorescence of the sub-diffraction sized
spot of excited molecules is collected through L1 and DC2 and focused by an achromate (=400
mm) onto a photon counting avalanche photodiode® with a 25 um fiber. The fluorescence of
the used dyes in the range of ~600-700 nm is separated by a bandpass filter 630-710 nm from
the laser lines in front of the detector.

2.3 Experimental verifications

2.3.1 Axial responses with 33nm width

As in any STED experiment, the choice of the fluorescent dye and laser pulse parameters
have to be chosen carefully. For the Ti:sapphire laser as a STED pulse source, Pyridine 27
is still one of the most unresented functioning dyes. Hence, first experiments were carried

2 Mira 900F (Coherent Inc., Santa Clara, CA, USA)

30PO Advanced (APE GmbH, Berlin, Germany)

*PC 2200 NIR with 2200 lines / mm (Spectrogon, AB, Tiby, Sweden)

® Nanoblock (Melles Griot GmbH, Bensheim, Germany)

6SPCM-AQR-13-FC (Perkin Elmer, Wellesley, MA,USA)

7 1-Ethyl-4-(4- (p-Dimethylaminophenyl)-1,3-butadienyl)-pyridinium Perchlorate (Lambda Physik GmbH,
Gottingen, Germany)
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Figure 2.3: STED-4Pi signal of a fluorescent half space of Pyridine 2 solved in glycerol
(gray line). The derivation reveals the axial response V(z) with a FWHM of 33 nm (black
line). The profile was recorded with 7.8 nm axial step size and 1 ms pixel integration time,
averaged over 5 scans.

out by placing a solution of Pyridine 2 in glycerol between two coverslips, as needed for
every 4Pi compatible sample. When the edge of the solution is scanned along the optical

axis z through the focus, the gained signal is described by V(z) = [ _V(2')dz'. The
derivation %f/(z) = V/(z) gives the axial response as defined in Formula (2.3). Data of this
experiment are shown in Fig. 2.3. The data were recorded by the use of oil immersion objective
lenses (NA 1.4), laser wavelengths of Aeye = 554nm, Asrpp = 760nm and a STED power
providing maz(hsrep) = 7.3 x 1017 cm ™2 in conjunction with an aberration such as (2.2)
with m,; = 0.4 and P,;; = 0.37. The gray line shows the raw data of the recorded fluorescent
half space. A numerical derivation (black line) was done by the use of a Savitzky-Golay filter
that widely conserves the FWHM of the derived peak [63]. At the edge of the fluorescent
solution, a sharp peak with a FWHM of 33 nm occurs in good agreement with the predicted
axial section in section 2.1. Although a sectioning of about 30 nm can be actually reached, the
STED intensity in the experiment was about a factor of two larger than in the simulation. This
is due to experimental imperfections of hgrgp. Especially, even a small amount of residual
STED intensity at 7 = 0 leads to a reduction of the peak amplitude. This reduction causes
an increased FWHM, that partly can be compensated by increasing the saturation level.

From a pure physical point of view, the curves in Fig. 2.3 from their content are proving
the section capability of the STED-4Pi microscope far below the diffraction limit. Since the
ultimate breaking of the diffraction limit is caused by the STED light, the focal extent is a
factor of 23 smaller than the responsible wavelength. This is not only far below the diffraction
limited spot size, but, to my best knowledge, also the smallest spot of exited molecules ever
produced with focused light by the use of standard optics.

For a direct measurement of V' (z), a layer of fluorophores applicative for STED is needed,
which has to be much thinner than the axial resolution. An easily producible sample of an
ultra-thin fluorescent layer is available through the obliging property of Pyridine 2 molecules
to adsorb on glass surfaces. This effect is reported for very similar compounds of styryl
pyridinium dyes on glass surfaces under certain conditions [57, 58]. We observed this effect
very pronounced for Pyridine 2 diluted in water. For most other solvents under investigation
- e.g. for glycerol as shown in Fig. 2.3 - adsorption could not be seen. We also observed
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Figure 2.4: Axial response V(z) measured at an adsorbed ultrathin layer of Pyridine
2 at the coverslip surface. For this measurement, water immersion lenses (NA=1.2) were
employed, revealing an axial FWHM of 46 nm. Determination of V(z) , as shown here, can be
used for linear deconvolution