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Abstract

This thesis presents the first application of the stimulated emission depletion (STED)
technique to the field of single-molecule fluorescence spectroscopy. It is demonstrated
that fluorescence quenching induced by STED is reversible and can be repeated a large
number of cycles on a single molecule. Being ideal point-like probes, single molecules
can therefore be used to characterize the resolution of STED microscopes.

In a spectroscopic study, two simplifed models of the photophysical processes in-
volved in STED are analyzed and applied to the experimental determination of the stim-
ulated emission cross sections on a single-molecule level.

In addition, the STED concept as applied in subdiffraction-resolution microscopy
is transferred to fluorescence fluctuation spectroscopy. A successful implementation
promises to expand the possibilities particularly of fluorescence correlation spectroscopy
(FCS) which is already the most widely used fluctuation technique today but is restricted
to concentrations on the nanomolar scale. Reducing the detection volume beyond the
diffraction limit could render the micromolar range accessible and could thus open up
new applications in the life sciences.

Zusammenfassung

Diese Arbeit stellt die erste Anwendung der Fluoreszenzldschung durch stimulierte Emis-
sion (stimulated emission depletipBTED) auf das Gebiet der Einzelmolekil-Fluores-
zenzspektroskopie dar. Es wird gezeigt, dass STED an einem einzelnen Molekil re-
versibel ist und eine Vielzahl von Zyklen wiederholt werden kann. Als ideale punktfor-
mige Strahler kbnnen einzelne Molekile daher eingesetzt werden, um das Auflésungsver-
maogen von STED-Mikroskopen zu charakterisieren.

In einer spektroskopischen Studie werden zwei vereinfachte Modelle der an STED
beteiligten photophysikalischen Prozesse analysiert and zur experimentellen Bestimmung
der Wirkungsquerschnitte fir stimulierte Emission auf Einzelmolekilbasis herangezogen.

AulRerdem wird das STED-Konzept aus der optischen Mikroskopie zur Durchbre-
chung der Beugungsrenze auf die Fluoreszenzfluktuationsspektroskopie Ubertragen. Eine
erfolgreiche Umsetzung verspricht vor allem, die Mdglichkeiten der Fluoreszenzkorrela-
tionsspektroskopie (FCS) zu erweitern, die bereits heute die meistgenutzte Fluktuations-
methode darstellt, jedoch bislang auf nanomolare Konzentrationen beschrankt ist. Die
Verkleinerung des Detektionsvolumens auf Gré3en unterhalb der optischen Beugungs-
grenze konnte den mikromolaren Konzentrationsbereich und damit neue Anwendungen
im Bereich delLife Sciencesgrschlief3en.
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“Je me suis demandé si quelque phénomeéne permettrait de
rendre visibles, sinon les molécules individuellement, du
moins les fluctuations de concentration qui doivent exister a
chaque instant, par suite de I'agitation moléculaire, au sein
d’une solution étendué?’”’

M. Jean Perrinl.a Fluorescenc¢1918).

*] was wondering if it was possible to visualize if not individual molecules but at least the continuous
concentration fluctuations in a bulk solution which occur upon molecular excitation.”

1



Chapter 1

Introduction

1.1 Single-Molecule Fluorescence Spectroscopy:
History and Motivation

Almost a century ago, in a fundamental article on fluorescehlge/¢an Perrin already
speculated on whether the observation of individual molecules would eventually become
feasible. However, it took more than half a century until, in 19 schfeld published

the first successful detection of singleglobulin moleculesZ] which still required heavy
labeling with up to 100 markers per molecule. Interestingly, the first observation of a truly
single molecule succeeded in absorption rather than in fluorescence Bhaldspite its
substantially lower sensitivity. Not surprisingly, though, single fluorescent emitters were
detected soon thereaftef][ The main driving force for the development of these ulti-
mately sensitive detection schemes was an application which was anticipated to have a
strong impact on molecular biology: the rapid sequencing of DBI&]. The idea was to
subsequently cleave the individually labeled nucleotides off a fixed DNA strand and to de-
tect the nucleotides one after another in a microfluidic channel. With this goal in mind, the
guasi-natural experimental setup employed was a flow-cell instead of a confocal arrange-
ment which entailed major background contributions in the signals. Despite attempts to
overcome these complications by e.g. gated fluorescence detection or lock-in techngiues
the background issue has remained the major reason which is why this approach to DNA
sequencing has still not experienced a major breakthrough. Nevertheless, a lot of know-
how has been gained along the way and, in fact, single-molecule fluorescence detection
has meanwhile become a rather mature technique.

The main motivation that renders single-molecule experiments appealing is the fact
that all kinds of ensemble averaging are eliminated. As a result, individual properties of
each molecule can be examined that are otherwise hidden in a large population. These
include static inhomogeneities which may be due to variations in the molecule’s local
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environment or its conformation which is particularly important in the case of macro-
molecules like proteins. While it is possible to determine individual molecular properties,
single molecules can on the other hand be used as nearly point-like reporters of their na-
noenvironment. Likewise, temporal fluctuations can be studied devoid of ensemble aver-
aging which, in fact, has lead to a number of effects to be observed which were impossible
to study before. In this respect, single-molecule detection has opened up a qualitatively
new field of research.

As was recognized early on, the successful observation of single molecules primarily
required efficient background suppression strategies and, secondly, necessitated highly
sensitive detection schemes. The main approach was to reduce the detection volumes
as far as possible by using confocal microsopy, scannning near-field optical microscopy
(SNOM) or total internal reflection illumination (TIR). Thus, on the one hand, the rapid
development of single-molecule technigues owns its success to a better part to the wide-
spread availability of confocal and optical near-field microscopes and, on the other hand,
an increasing number of spectroscopic features is integrated into commercially available
microscopes today. Further advances in the photonics technology have stimulated the
progress of single-molecule fluorescence techniges. In particular, with the availability
of high-performance optical filters, the background contributions due to Rayleigh and
Raman scattering can now be efficiently suppressed. Highly sensitive avalanche pho-
todiodes with quantum efficiencies reaching 80% have displaced photomultipliers and
have quadrupled the detection efficiency. And with the advent of highly sensitive CCD
cameras, even the widefield imaging of single fluorophores has become feasible as was
impressively demonstrated oji et al. who imaged the rotation of thesubunit of the
F, ATPase in a widefield setup in almost real-tin7ed].

Having only a single or, at most, a few molecules present in the detection volume
at a time, thefluctuationsof the fluorescence emission can be observed which are oth-
erwise hidden in a large ensemble, but which carry valuable information on the photo-
physical dynamics of the fluorophore. Fluorescence correlation spectroscopy (FCS) as
the first concept to analyze these fluctuations dates back to the early B)Hs has
found widespread applicatioa(), 11, 12] only after the technological advances described
above. FCS provides a way to analyze photophysical processes and diffusion behavior of
fluorescent molecules in solution. More recently, the correlation approach pursued in FCS
has been complemented with techniques based on the analysis of the photon counting his-
togram (fluorescence intensity distribution analysis, FIRA] and photon counting his-
togram analysis, PCHLH]). Because the instrumentation in these methods is relatively
easy to handle, data analysis can be largely automated and the measurement times are
short, fluorescence fluctuation methods are now routinely employed for high-throughput
screening (HTS)15, 16, 17, 18, 19].

From the spectroscopic viewpoint, the relatively simple setups employed in the early
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work have evolved into complex experiments as more and more spectral parameters
(wavelength, lifetime, polarizationPp, 21, 22], more complex objects of investigation
(dendrimeric systems, ion channel23[24] and more demanding physiological environ-
ments P5, 26] are being studied using single-molecule techniques. With the discovery
that the Raman cross sections of a molecule can be enhanced by up to 14 orders of mag-
nitude when it is adsorbed on a metal nanopatrticle (surface-enhanced Raman scattering,
SERS) even the Raman detection and imaging mode became fe&spiehich was
unconceivable before.

The fact that single-molecule detection has become a mature technique manifests it-
self in the huge number of applications it has found in very diverse fields. Due to their
unique properties single molecules are proposed as sources for single photons in quantum
cryptography and quantum computati@8], as point-like probes in optical microscopy
[29] and as local reporters of conformation, positid®][and even magnetizatioB],

32). For further reading on the development, spectroscopical aspects and applications
of single-molecule research it is referred to the large number of available monographs
[33, 34, 35, 36] and review articles37, 38, 39, 40, 41].

To understand the photophysical features and peculiarities of single molecules one
has to dwell on the molecular photophysics of organic fluorophores whose underlying
principles are briefly reviewed in the following.

1.2 Molecular Photophysics

The interaction of light with matter in a system consisting of two distinct energetical states
(two-level system) is described by Einstein’s model of absorption, spontaneous emission
and stimulated emissiod?]. While the transitions in a two-level system are relatively
easy to describe, the situation is considerably more complex in an organic molecule con-
sisting of a few tens of atoms. A common approach to simplify this quantum-mechanical
problem is the Born-Oppenheimer approximatidf][which states that electronic tran-
sitions occur on a much faster timescale than nuclear motions and can thus be separated
from nuclear vibrations and rotations:

U(r,R) = ¢(r; R) ®(R) 0(R). (1.1)

Here,r and R are the electronic and nuclear coordinateg;; R) is the purely elec-
tronic wavefunction (in the static field of the nucled)(R) andf(R) are, respectively,
the vibrational and rotational wavefunctions of the nuclei &fd, R) is the total wave-
function of the molecule. The simplest model to describe the molecular vibrations is the
harmonic oscillator model which may optionally be extended by an anharmonic contri-
bution (e.g. the Morse potential) to account for effects like dissociation. Likewise, rota-
tional motion can be described in terms of the rigid rotator model, optionally enhanced



CHAPTER 1. INTRODUCTION 5

a) b) Singlet Triplet

Internal

Conversion -
(~200 fs) —

S, — Solvent T2
1 3 Relaxaton — Internal
s, — (~10ps) ————— ISC Conversion

1 Vibrational 1’14,1,‘ — (<lps) —
Relaxation MIYVWAS——————
<1ps —
(<1ps) T,
Absorption Stimulated Fluorescence
MWV~ Emission Yy (~1ns)
(~11s) WP | v~
Phosphorescence
(10 us — 10 ms)
SO* ! < L4
So _~
Vibrational
Relaxation
(<1 ps)

Fig. 1.1 Visualization of the Franck-Condon principle (a) and Jablonski diagram (b). The elec-
tronic states of an organic fluorophore and transitions between these states are shown along with
their characteristic times. Wiggled lines indicate radiationless transitions, ISC denotes intersys-
tem crossing from the singlet to the triplet system. Timescales are approximate and may vary
according to the fluorophore and the solvent.

by higher-order terms. Due to their low energetic contributions, however, rotations are
commonly neglected in the pictorial models of polyatomic molecules. The main features
of the electronic states can be qualitatively derived from the simplistic LCAO model (lin-
ear combination of atomic orbitals) which shows that the electrons in the ground state are
paired in most molecules such that no net spin results. Hence, with only few exceptions,
the ground state of an organic molecule is a singlet state denotgd as

While the potential energy of a diatomic molecule can easily be plotted as a function of
the nuclear distance this is impossible for the energy hypersurface/gfaomic mole-
cule which hag3NV —6) degrees of freedom. For a qualitative discussion of the processes
that may occur in a moleculd{] it is instructive, however, to select a single normal mode
of vibration and to depict the energy as a function of the respective normal coordinate. A
generic potential energy curve including the vibrational levels and wavefunctions is de-
picted in Fig.1.1a for both the electronic ground stagand the first excited statg. The
minima of the two curves are slightly offset which is due to a more or less pronounced
rearrangement of the nuclei in the excited state. Because these rearrangements are slow
compared to electronic transitions the latter occur as vertical transitions in the energy dia-
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gram (Franck-Condon principlé8]). The vibrational structure of an electronic transition
can be derived from the probability of a vibronic transition between an initial level ‘i’ and
a final level ‘f’ which is proportional to the square of the transition dipole monMmt
[44]:

IMit” = [(il | 0e)* = [{il Rl r) [* (@3] @) (1.2)

whereji is the (electronic and nuclear) dipole moment operatgis the purely electronic
dipole moment operator and the rotational contribution has been neglected. Pictorially,
the Franck-Condon factdt; = |(®;|®;)|* is given by the (square of the) overlap between
the initial and final wavefunctions. Its significance is that it determines to what extent the
particular transitioni) — |f) contributes to the electronic band.

The photophysical processes succeeding excitation can be best described in terms of
the Jablonski diagram shown in Figl.1b which gives a simplified picture of the en-
ergy levels and the transitions among them. The processes immediately following exci-
tation are partly intrinsic to the molecule (vibrational relaxation) and partly depend on
the solvation environment (vibrational cooling, solvent relaxation). The fastest relaxation
processes involve an adiabatic redistribution of the vibrational energy in,timea8i-
fold (intramolecular vibrational redistribution, IVR) which occurs on a (sub)picosecond
timescale 45 and results in a high-temperature thermal equilibrium. Within the subse-
quent 5-50 ps the vibrationally hot molecule cools by dissipation of energy to the sur-
rounding solvent molecules via collisional interactiod§][ The collosional cooling is
accompanied by a reorientation of the surrounding solvent molecules in response to the
changes in the molecule’s dipole moment upon excitation (solvent relaxdfiprwhich
causes an additional lowering of the &ergy level.

The fact that all these relaxation processes are orders of magitude faster than the ra-
diative lifetime of the vibrationally relaxed,State ¢z ~ 1 ns) accounts for the finding
that — with few exceptions — fluorescence generally occurs from theee (Kasha's
rule [48]). This even holds if, initially, higher electronic states &e populated because
these undergo fast{( 200 fs) internal conversion (IC) to high lying vibrational level$.S
Due to the fast relaxation processes, the fluorescence spectrum is not only red-shifted with
respect to the absorption spectrum (Stokes’ siif f17]) but is also independent of the
excitation wavelength.

While the molecule is in its Sstate, an electronic transition to the ground state may
not only occur due to spontaneous fluorescence emission, but it can be stimulated by
an incident photon which triggers the emission of a second coherent photon from the
molecule. Depending on the energy of the incident photon, the molecule may be left in a
vibrationally excited level $which, again, is subject to vibrational relaxatiet$]. Once
the molecule is back in its vibronic ground state, it is ready for a new excitation-emission
cycle.
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Further processes may occur from the excited singlet state most of which are, how-
ever, less frequent in a good fluorophore. These include intersystem-crossing (ISC) to
the triplet state T, which is spin-forbidden but can be promoted by the enhanced spin-
orbit coupling in the prescence of atoms with higher atomic numbers (heavy atom effect
[44]). Collisional quenching, excitated state reactions (proton loss/ gain/ tautomeriza-
tion, excimer or exciplex formation) and resonance energy transfer (REJaie further
examples of photophysical and photochemical processes which are (apart from their in-
volvement in photobleaching) less important for the studies presented in this work.

1.2.1 Photophysical Peculiarities of Single Molecules

One of the first effects that were reported when single fluorophores were studied was that
fluorescence is emitted in bursts rather than continuo&§lyg1]. This blinking is almost
invariably observedd?2] in all kinds of fluorophores including fluorescent proteibs|[

and under diverse environmental conditions and has therefore become one of the hall-
marks of single-molecule observation. The blinking is attributed to temporal transitions
of the molecule to nonfluorescent dark states and has been analyzed in terms of the on-
and off-time histograms as well as by correlation analysis of the fluorescence emission.
These studies have shown that transitions to and from dark states occur on a large range
of timescales, i.e. from microseconds up to minutd.[ As to the nature of these non-
fluorescent states, several mechanisms have been proposed and have been supported with
experimental evidence. One of the most obvious dark states is the triplet stakech is
populated through intersystem crossing (ISC). Several studies based on correlation analy-
sis of the fluorescence signal both in solutiéd][and in dye-doped nanocrystaiq 56

have consistently revealed ISC rates on the orderbfus. As was proposed recently,

the triplet state may also serve as a transient state for the formation of another dark state,
arguably a radical anion as a result of photoinduced intermolecular electron tr&fer [

Dim states with off-times of more than 100 ms may hardly be explained in terms of triplet
formation (which would be incompatible with its lifetime) but are postulated to be due to
intermolecular energy transfer or to photochemical changes like photoinduced isomeriza-
tion [58], conformational changes or reversible oxidatiéf][to name just a few. These
processes may also be responsible for spectral diffusigrahd spectral jumpsgl] that

are frequently observed in single-molecule fluorescence experiments.

Further investigations of the photon statistié®][of single-molecule fluorescence
emission on short timescales revealed the interesting phenomenon of photon antibunching
[63, 64, 65] which manifests itself as a dip in the histogram of interphoton arrival times
(or, likewise, in the autocorrelation curve) as the interphoton time approaches zero. The
effect is easily explained by the fact that after a molecule has emitted a photon, it must be
excited again before the next photon can be emitted. As a result, photons are generated
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one by one which renders single molecules an interesting single-photon source for use in
e.g. quantum cryptograph2§].

Eventually, photobleaching leads to an abrupt and irreversible cessation of the fluores-
cence emission from a single molecule. However, the decision on when the cessation of
fluorescence is irreversible is difficult if not impossible to make because dark states may
persist for extended periods of time and may yet be transient. Therefore, the duration of
an experiment is commonly taken as the time limit after which a nonemitting molecule
is considered bleached. Photobleaching inevitably restricts the number of photons that
can be detected from a single molecule and therefore limits the attainable signal-to-noise
ratio in an experiment. While, at low temperatures,10'° photons may be detected
[59] the number of emitted photons drops @°—10° at room temperature3p]. Most
commonly, it is assumed that photobleaching is due to photooxidation by highly reactive
singlet (A,) oxygen B6]. In fact, for single terrylene molecules inpaterphenyl host
crystal, a self-sensitized photooxidation scheme has been supported by the identification
of an exoperoxide intermediatgq]. However, further pathways must exist which account
for the finding that, to a lesser extent, even in oxygen-free environments photobleaching
occurs. Arecently proposed bleaching mechanism postulates a radical anion formed from
the triplet by electron transfer as an intermedi&ig p7].

1.2.2 Stimulated Emission Depletion

The significance of stimulated emission is not only based on the coherent emission of
a photon (which constitutes the basis for laser action) but also on the quenching of flu-
orescence which can be used to probe the population of the excited staith $iigh
temporal and spectral resolution. Therefore, stimulated emission depletion (STED, also
termed stimulated emission pumping, SEP) is equally useful for time-resolved spectro-
scopic applicationsds, 69, 70, 71].

Commonly, the processes involved in a STED experiment are modeled by using the
four-level system 12, 73, 74] shown in Fig.1.2 which constitutes a simplification of
the Jablonski diagram (Fid..1b). The model includes the electronic ground staje S
the initially populated Franck-Condon leve},She relaxed electronic statg &nd the
vibrationally excited ground leveliS Denoting the populations of the these states by the
respective italicized letters, the temporal evolution of the populations of these four levels
is uniquely determined by the following set of coupled differential equations:

di);t) = kEXC(t) [Sf (t) - Sﬂ(t)] + kvib,osg(t) (1.38.)
d%6(t) _ 1.q () + ksten (t) [S1(t) — S5(8)] = KuinoS; (1) (1.3b)

dt
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Fig. 1.2 Simplified four-level system to describe the excitation and STED processes.

del t(t) = —kaSi(t) + ksrrp(t) [S5(t) — Si(t)] + keiv1S; () (1.30)
dii‘t(t) = kexe(t) [So(t) — S ()] — kyin1 S5 (t) (1.3d)

The rate constants of fluorescendg)(and of vibrational relaxationk(iy o, kvin,1) are
mostly intrinsic to the fluorophore under investigation, but they also depend to some ex-
tend on the solvation environment, in particular, on its polarity. On the contrary, the rate
constants of excitatiork(,.) and stimulated emissiok{rrp) are given as a product of a
wavelength-dependent cross section and a laser intensity:

kexc(t) = Oabs hexc(t) (14a)
kstep(t) = osrep hstep(t). (1.4b)

wherehe..(t), hsTep(t) are the excitation and the STED laser intensities measured in
[photons/ (sxcn?)] and o,.s, osep are the absorption and stimulated emission cross
sections, respectively. Because the cross sections have units 4f fbey are often
interpreted as the molecule’s photon caption area.

The four-level model is flexible enough to address many of the questions related to the
dynamics of stimulated emission and its application to pump-probe spectroscopy. Like-
wise, it is applicable to analyze and to optimize the conditions for STED microscopy. In
particular, the fluorescence depletion efficiency as a function of STED intensity can be
studied and, for pulsed operation, the pulse duration, its temporal shape and the pulse
timing can be optimized.

As an example, Fidl.3shows the numerical simulation of an experiment with pulsed
excitation and stimulated emission where the fluorescence sﬁg&ay kqS1(t)dt is cal-
culated for increasing delays of the STED pulse with respect to the excitation pulse. The
delay ranges up to 10 ns with a resolution of 10 fs and thus covers both the vibrational
relaxation &5, ~! = 500 fs) and the fluorescence decay (' = 2 ns) of the dye. This ex-
ample demonstrates the wide dynamic range and the high time resolution which is solely
limited by the duration of the excitation and STED laser pulses (which were assumed
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Fig. 1.3 Numerical simulation of the molecular dynamics probed by stimulated emission deple-
tion at increasing STED pulse delays. The gray shaded regions highlight the ultrafast vibrational
relaxation processes between 0.1 and 1 ps and the fluorescence decay in the nanosecond range.
(Pulse lengths: 100 fs; peak intensities: 1 GWértexcitation), 273 GW cm? (STED); absorp-

tion and stimulated emission cross sectialts: 16 cn?).

to be 100 fs here). In fact, this kind of experiment was used to unravel the vibrational
relaxation dynamics of Rhodamine 700 and Oxazine 75)46]. While the four-level
model is rather comprehensive and thus provides high flexibility it may prove beneficial
to simplify the model to cover only particular aspects of the STED dynamics. Along these
lines, two simplified models will be analyzed in Ch&and will be used to extract the
stimulated emission cross sections from STED saturation data.

Besides its potential for time-resolved spectroscopy, STED has proven useful in fluo-
rescence microsopy where it has been established to reduce the effective detection volume
and thereby to push the spatial resolution beyond the diffraction limit (see $&#nd
2.5. Meanwhile, resolutions of down to 25-30 nm have been achieved in an optical
STED microscopei6, 29]. However, the reduction of the effective volume is not only
useful for fluorescence imaging with super-resolution, but it may also contribute to the
progress of fluorescence fluctuation spectroscopy by allowing to perform experiments at
higher solute concentrations. The results of a respective study is presented irt@hap.
this thesis.

1.3 Microscopy at and Beyond the Diffraction Limit

As was pointed out in the introductory sections, the key challenge in single-molecule
fluorescence is background suppression rather than instrumental sensitivity. Today, one
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of the most common approaches is to use confocal microscopy in order to reduce the
detection volume as much as possible. As has been proven in the past years, the STED
microscope allows to reduce the detection volume beyond the diffraction limit which

Is why its adoption for single-molecule detection is highly desirable. As the operating
principles of both types of microscope play an important role in Chapmd 4 the

theory underlying their operation is briefly reviewed here. For more in-depth information
see [(7, 78 and [72, 79].

Already in 1873 Ernst Abbe recognized that the resolution of an optical microscope
cannot be arbitrarily improved but is subject to a fundamental limit, the so-called diffrac-
tion limit [80]. The reason is that if a point-like light source is imaged using a lens, the
image of the source is not point-like but has a finite extension. The intensity distribution
in the focal plané:(r) (called the point-spread function, PSF) is given by the square of
the field amplituder () which according to scalar diffraction theor§1] is given by:

h(r) = |E(r)|” = E, / Vcos @ sin6.Jy <k\/x2 + y?sin 9) exp (ikz cos ) do
0
(1.5)

wherer = (z,y, z) are the spatial coordinateg, is a constant which scales with the
incident optical powery is half the aperture angle of the leidss the integration variable,
Jo() is the zero-order Bessel function of the first kindjs the refractive index of the
medium andc = 27n/)\ and )\, are, respectively, the the wavenumber and the vacuum
wavelength of the focused light.

According to the Rayleigh criterion, the resolution of a microscope is given by half
the diameter of the Airy disk which is defined as the lateral distance between the minima
of h(r) that enclose the main maximum. For the epifluorescence microscope the diameter
of the Airy disk is given by:

Ao
Axr =122—. 1.6
x A (1.6)
whereNA = n sin « is the numerical aperture of the lens. The same criterion can be used
to define the axial resolution. In this case, the minima are separated by
A
Az = 4.00%. (1.7)
Instead of the Rayleigh criterion, the full-width at half-maximum (FWHM) of the PSF is
also sometimes used to characterize the optical resolution of a microscope.

Alternatively, the performance of a microscope can be specified in the frequency do-

main. The counterpart of the point-spread function is the optical transfer function (OTF)
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Fig. 1.4 Main components and operating principle of a confocal microscope.

which is related to the PSF by a simple Fourier transform. It describes the optical reso-
lution in terms of the instrument’s transmittance as a functon of the spatial frequency. In
order to image small features high frequencies are required. Thus, enhancing the reso-
lution of a microscope is equivalent to widening the support of the OTF. For a detailed
introduction into Fourier optics and the OTF of the confocal microscope 83¢87].

1.3.1 The Confocal Microscope

The main feature of a confocal compared to a widefield microscope is its optical section-
ing capability. The origin of this depth discrimination can be explained from the drawing
of a confocal microscope as depicted in Figd. A point-like light source, e.g. a laser
beam focused through a micrometer-sized pinhole or emitted from the end of a single-
mode optical fiber, is collimated and is focused into the sample by the objective lens. The
signal emitted from the sample is usually collected by the same objective lens (epifluo-
rescence), is separated from the excitation light by a dichroic beamsplitter and is focused
through a pinhole in the detection path onto the detector. As is illustrated by the optical
path drawn in dotted lines, any fluorescence that originates outside the focal plane is not
focused through the pinhole and is therefore suppressed. That is, the pinhole in front of
the detector is responsible for the depth discrimination.

For a quantitative description of the image formation in a confocal microscope, the
detection process is interpreted as imaging the detection pinhole into the sample space
(which is permissible because the light paths are reversible). Hence, the effective PSF
of the confocal microscope is given by the product of the excitation RgFr) and the
detection PSHq. (7). It must be considered, though, that the detection pinhole in a real
setup is not point-like but has a finite diameter. The detection PSF must therefore be
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Fig. 1.5 a) Main components and operating principle of a STED microscope, b) intensity distri-
butions of the excitation and STED foci (when a circular phase retardation filter is used), ¢) map of
the local STED efficiencies which indicates where fluorescence is suppressed (dark regions) and
where it remains unaffected (bright regions).

convolved with a pinhole function

1 if /22 + o2 < d/(2M)
o(r) = (1.8)

0 else

which is the detection pinhole (with diamet@rprojected into focal space. Hergéis the
diameter of the detection pinhole and is the magnification of the microscope. Accord-
ingly, the confocal PSF is given by

Reont(T) = hexe(T) [haes (1) ® o(7)] . (1.9)

1.3.2 The STED Microscope

In a STED microscope, the ability to suppress fluorescence emission in a controlled way
by stimulated emission is exploited to enhance the optical resolution beyond that of a
confocal microscope and even far beyond the diffraction limit. From an instrumental
point of view, the design of a STED microscope is similar to that of a confocal one, but
it is extended by an additional (STED) laser beam which is coupled into the objective
lens colinearly to the excitation beam (Fig5a). Both beams are aligned such that their
foci coincide in space. However, in order to achieve a resolution enhancement, the STED
focus has be to engineered to provide a zero-intensity minimum in the geometrical center
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and high intensities in the focal periphery. Thus, only molecules in the very center of both
the excitation and the STED PSFs contribute to the fluorescence signal, while molecules
in the outer regions of the excitation PSF get quenchend by the STED light.

Several techniques are conceivable to design a STED focus shaped according to these
requirements. A technically simple implementation, shown in the figure, is to position
a properly designed phase retardation filter into the expanded STED beam which spa-
tially modulates the phase front of the STED beam. As an example, by placing a circular
phasefilter into the beam which introduces a phase shift oh half of the area of the
back aperture of the objective lens, the focal intensity distribution shown inLFlg.is
obtained, which features two axially offset main maxima along with smaller laterally off-
set side maxima. Due to the axial main maxima, the effective PSF of the microscope is
mainly confined along the optical axis. The effect is more pronounced than one would
expect from the STED PSF in Fif).50 because the STED efficiency depends nonlinearly
on the intensity. To a good approximation, the facjér) by which the fluorescence
is reduced is given by an exponentially saturating function of the STED intensity (see
Chap3). Therefore, given the STED-PSF shown in Fighb, the fluorescence is ef-
fectively quenched as is visualized in Fig5c where dark tones indicate fluorescence
quenching. Quantitatively, for a givey(r), the effective PSF of the STED microscope
is easily derived from Eq1(9) for the confocal microsope by simple multiplication with

n(r):
her (1) = (7 ) hexe(T) [Pae (1) @ o(7)] (1.10)

More advanced but conceptionally equivalent techniques for wavefront engineering
make use of adaptive optical elements such as spatial light modulators (SLM) which,
in addition, allow to correct for imperfections in the wavefront and are more flexible.

A slightly different approach is to use a 4Pi microscope where the central minimum is
achieved by destructive interference of two counterpropagating beams which are coher-
ently focused onto a common focal spot using two opposing objective lerges [

In order to derive the effective PSF of a STED microscope according tolEkf) (t
IS necessary to calculate the excitation and STED-PSFs previously. This can be done in
terms of vectorial diffraction theonB[L, 83] which states that:

Ao Eo

hstep(r) = oh |E("')|2

n3 €0

— TN //EO(Q)\/cosﬁsinﬁexp{i (W0, d") + k(s— f)}

2

cos?(¢' — ¢) cos O + sin®(¢/ — @)
X | sin(¢/ — ¢)cos(¢/ — ¢)(cos@ — 1) | d¢'d6| . (1.11)
—cos(¢' — ¢)sind
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Here,hstep(r) is given in photons per unit area and tinag,= 8.8542 x 10712 C2 N~!
m~2 is the permittivity of free space/, is the focal length and is the distance from the
point (f, 0, ¢’) on the converging wavefront to = (r, z, ¢) which is given in cylindrical
coordinates. Finally, the phasefilter is described by the phase funkttb’) which e.g.
is zero for a plane wavefront.

These equations can be used to evaluate the suitability of different phasefilters with
respect to optical imaging or to spectroscopic applications. Details on various phasefilters
for use in fluctuation spectroscopy are discussed in Chap.



Chapter 2

STED on Single Molecules

2.1 Materials and Methods

2.1.1 Experimental Setup

The initial challenge of this thesis was to design and build a table-top confocal microscope
which, unlike commercially available instruments, was optimized for two-color operation

in combination with a high detection efficiency, as is required for STED experiments on
single molecules. The main components of the setup are outlined i2.Ejdput for the
particular requirements of each experiment, the setup was modified and complemented as
is described in the respective chapters.

The two wavelengths required to perform STED experiments were derived from a pas-
sively mode-locked Ti:Sapphire laser (Ti:Sa, Model Mira-900F, Coherent, Santa Clara,
CA, USA) operating at a repetition rate ef7/6 MHz and at wavelengths between 720
and 900 nm. The output of this laser was partly used to pump an intracavity frequency-
doubled optical parametric oscillator (OPO Advanced, APE, Berlin, Germany) which
generated a synchronized pulse train in the visible between 550 and 620 nm. While the
OPO was used to excite fluorescence, the remainder of the Ti:Sapphire light that left
the OPO was initially used to effect stimulated emission, but it was later found more
favourable to couple out the STED beam in front of the OPO using a variable beam-
splitter. The operating wavelengths were measured using fiber-coupled spectrometers
(USB2000, OceanOptics B.V., Duiven, Netherlands and PMA-11, Hamamatsu Deutsch-
land, Herrsching am Ammersee, Germany) and were adjusted to match the employed flu-
orophores. Both laser beams were power-controlled and stabilized with two liquid-crystal
based laser power controllers (LPC-VIS/ LPC-NIR, Cambridge Research & Instrumenta-
tion, Woburn, MA, USA, now manufactured by Brockton Electro-Optics Corp., Brockton,
MA, USA).

The 150-200 fs pulses delivered by the Ti:Sapphire laser and the OPO were stetched

16
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Fig. 2.1 Experimental Setup. See text for explanations.

using two grating based pulse stretchers which provided pulse lengths up5s.

Pulse lengths in the range of 100 fs to 15 ps were measured by optical autocorrelation
(PulseScope/ Autocorrelator Mini, APE, Berlin, Germany), and puldg&ps were char-
acterized by direct measurement of the temporal pulse profile using a fast MCP detector
(MCP-PMT R3809U-50, Hamamatsu) in conjunction with time-correlated single-photon
counting (TCSPC) electronics (SPC-730/ SPC-830, Becker & Hickl, Berlin, Germany).
The measured pulse lengths were deconvolved to correct for the response time of the TC-
SPC system which was measured to~b¢5 ps. The timing between the OPO and the
Ti:Sapphire pulses was adjusted via an optical delay line (LIMES 170, Controller DC-
500, Owis GmbH, Staufen, Germany) which allowed a temporal adjustment of the STED
pulses on a range of 4 ns.

Both laser beams were expanded using two telescopes which were equipped with pin-
holes (50-6Q:m) for spatial filtration. The expanded and collimated beams were coupled
into the microscope using two custom-tailored dichroic beamsplitters DC1 (628dclpxr,
Chroma Technology, Rockingham, VT, USA) and DC2 (720drspxr, Chroma Technology).
A phase retardation filter (PF) was placed into the expanded STED beam as needed by
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the respective experiments. Unless otherwise noted, the beams were focused using a 1.4
NA/ 100x oil immersion lens (PL APO 1040'1.40 — 0.7 OIL, Leica, Wetzlar, Germany).
The (epi)fluorescence was collected by the same lens, passed the two dichroic filters, was
separated from the laser light by a bandpass filter BP (D680/60, Chroma Technology)
and was focused into a multimode fibdr€ 62.5 ym, M31L01, Thorlabs GmbH, Karls-
feld, Germany) which served as the confocal pinhole. The signal was detected using a
fiber-coupled single-photon counting module based on an avalanche photodiode (APD,
SPCM-AQR-13-FC, PerkinElmer OptoElectronics Europe, Wiesbaden, Germany), and
the photocounts were acquired and processed using the same TCSPC electronics which
was used for the laser pulse characterization (SPC-730/ SPC-830, Becker & Hickl).
Object scanning was implemented by mounting the samples on a 3D piezo scanning
stage with closed-loop control (TRITOR-102CAP, Piezosystem Jena, Jena, Germany)
which provided a scanrange of &in in all three directions. The overlap of the two laser
foci was aligned by alternately scanning immobilized gold nanoparticles in reflectance
mode with the excitation and the STED laser. The procedure was repeated for all three
spatial directions. For this adjustment procedure, the bandpass filter in the detection path
was replaced by a neutral density filter matched to the brightness of the gold nanobeads.
The detection efficiency of the setup can be estimated on the basis of the following
collection efficiencies and transmission values: solid angle of detectien)(31), trans-
mission of the objective lens at the fluorescence wavelefigth ().80), reflectivity of the
silver mirrors R = 0.97), transmission of the dichroic beamsplitters and bandpass filters
(720drsxpt: T' = 0.86, 628dcltxt: T' = 0.93, D680/6G: T' = 0.45), transmission of the
tube lens T = 0.95), coupling efficiency into the multimode fibeg & 0.80), pinhole
discrimination (1.05 Airy disksy = 0.95), quantum efficiency of the detectar £ 0.72).
The net detection efficiency is obtained by multiplication of these factors and yields a
value of 4.2%.

2.1.2 Dyes and Sample Preparation

The fluorescent dyes used in this work were primarily selected based on their spectral

properties. In particular, as stimulated emission was carried out in the long-wavelength

part of the fluorescence spectrum, the emission range had to be matched to the tuning
range of the Ti:Sapphire laser. In addition, because the wavelength of the exitation laser
(OPO) was coupled to that of the STED laser, appreciable absorption at the accompanying
excitation wavelength had to be guaranteed. Given a satisfactory choice of commercially

available dyes which fulfill these spectroscopic requirements, the photostability became

the essential selection criterion. Typically, at room temperature,loniiyl0° photons are

!Determined from the fluorescence emission spectrum of JA 26 weighted by the transmission values
measured at an AOI af5°.
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emitted by an organic fluorophore before photobleaching oc@fissp, in order to be
able to perform quantitative measurements at reasonable signal-to-noise ratios, care had
to be taken to ensure adequate photostability.

Initial comparative experiments revealed an extremely broad range of photostabilities
with e.g. the BODIPY 650/665-X dye residing at the low end and various xanthene and
oxazine dyes at the high end. These results were in accordance with previous findings
which had classified Rhodamine 700 among the most photostable laser dyes with high
absorbances[643 nm) = 9.25 x 10* M~ cm~!] [84]. Finally, the two dyes JA 26
and MR 121 were chosen for the single-molecule experiments to be performed. Fig-
ure 2.2 summarizes some of the photophyiscal properties of these dyes and indicates the
wavelengths employed in the STED experiments. Both dyes were obtained from Prof.
Drexhage (University of Siegen, Germany) and were used without further purification.
While the former dye has proven most photostable in the selection process, it has the
tendency to decompose in solution. This decomposition is particularly pronounced in
agueous solution but can be reduced when the solution is acidified. Therefore, in the sam-
ple preparation, JA 26 was dissolved in water that was adjustedii te- 3 by addition
of 1 M hydrochloric acid. Unlike JA 26, the oxazine MR 121 is chemically stable in so-
lution but is slightly less photostable while featuring similar absorption and fluorescence
spectra. Therefore, JA 26 was used to prepare samples whith single molecules embedded
in a polymer matrix while MR 121 was used for the FCS experiments in solution.

To prepare samples with single molecules immersed in a polymer matrix, standard
glass cover slides were cleaned using a commercial laboratory glass cleaner (Mucasol,
3%, Merz, Frankfurt, Germany) and thouroughly rinsed with ultrapure water. Poly(vinyl
alcohol) (PVA, My =~ 25000, #02975, Polysciences, Inc., Warrington, PA, USA) was
dissolved in ultrapure water at a concentration of 50 mg/mL and was purified by dialy-
sis (ZelluTrans, MWCO: 12,000-14,000, 10mm, #E672.1, Roth GmbH, Karlsruhe, Ger-
many). The dye solution was diluted 4al nM, and 2@.L/mL PVA solution was added.
About 100-20Q.L of this solution were spin coated onto a cleaned coverslip (4000 RPM,
30 s). The samples were kept dark and dry in a desiccator and were purged with argon
gas during the measurements. The alignment sample was prepared similarly by spincoat-
ing an aqueous solution of PVA with suspended gold nanopatrticles (80—-150 nm, British
Biocell International Ltd., Cardiff, UK) onto a cleaned coverslip.

2.2 Switching Off Single Molecules

The first experiment performed in the context of this thesis was a proof-of-concept exper-
iment which served both to demonstrate the suitability of the setup for single-molecule
spectroscopy in terms of sensitivity and background and to prove the feasibility of the
STED concept when applied to single molecules.
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Fig. 2.2 Absorption and emission spectra (in ethanol) as well as selected photophysical properties
of the fluorescent dyes JA 26 and MR 121 used in this thesis. The gray shaded wavelength region
represents the detection range. In addition, the excitation and STED wavelengths are indicated.

Unlike described in the general outline of the setup, no phase retardation filter was
used in this experiment, but an additional chopper wheel was inserted into the STED
beam to interrupt the laser at a rate of 250 Hz. The Ti:Sapphire laser was tuned to 778 nm
which yielded an excitation wavelength of 565 nm provided by the OPO. The experiment
was carried out by laterally scanning a s m? area of JA 26 molecules embedded in
PVA. The pixel dwell time was 12ps. The start of the fast scan axig) (vas synchro-
nized to the phase of the chopper wheel to ensure that open and closed intervals of the
STED beam coincided in all scanlines. Fig&x& shows an acquired image along with
two bars arranged above the image which indicate the presence or absence of the excita-
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sents the lateral FWHM of the PSF (281 nm).
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tion and the STED laser light, respectively. The image shows bright spots due to the single
fluorophores disrupted by dark stripes where the fluorescence drops to almost background
level. As can be confirmed by comparison with the indicator above, these dark regions
correspond to intervals when the STED beam w@sn This impressively demonstrates

that stimulated emission depletion can in fact entirely suppress the fluorescence even on
single fluorescent molecules in a reversible manner. Apart from the fluorescence sup-
pression induced by STED, the spots also show spontaneous blinking and instantaneous
bleaching as hallmarks of single emitters. The envelopes of the spots feature a FWHM
of 281 nm which is exclusively determined by the lateral width of the PSF. As for the
suitability of the setup with regard to single-molecule experiments, a satisfactory signal-
to-background ratio of 100-150 is derived from Fig3.

2.3 STED Efficiency as a Single-Molecule Criterion

Commonly, the aforementioned characteristics of blinking and binary photobleaching are
taken as sufficient evidence for the presence of single isolated molecules. However, be-
cause the presence of a single molecule is crucial for some applica@bhgyrther
indication is desirable. As is shown in this section, the STED efficiency may provide
such information if appropriate polarization conditions are used.

To outline the underlying idea, it is advantageous to quantify the STED effect in terms
of the fluorescence reduction factpr Formally, the fluorescence reduction factor is

2The more intuitive STED efficiency = 1 — 1 is often used in qualitative discussions but unnecessarily
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Fig. 2.4 Polarization conditions for discrimination
between single and multiple molecules.

Exc.

defined as the ratio of the fluorescence intensities in the preséiggey( and absence
(Fp) of the STED light:

F STED
— . 2.1
n T, (2.1)

Given a circularly polarized excitation laser, the probability of exciting a molecule is
independent of its orientation within the focal plane. The STED laser is assumed to be
linearly polarized, and the fluorescence light is detected polarization resolved using two
separate detectors for tkeandp-polarization (Fig2.4). Further, it is assumed that the
transition dipoles of fluorescence and stimulated emission are colinear. Now, a molecule
whose projection of the transition dipgleinto the focal plane encloses an angl® @fith
the polarization of the STED light contributes to the intensities in the detection channels
according to

F = Fy cos’f and F, = Fysin*6 (2.2)

where ) and F', are the intensities in the detection channels parallel and perpendicular
to the STED polarization, respectively. Likewise, the signal reduction in both channels
due to STED is subject to a cosine-squared dependenee;, cos? § wheren; is the
fluorescence reduction for a molecule whose dipole projection into the focal plane is
oriented parallel to the STED polarization. The detected intensities in the presence of
STED then become

Fystep = nFj = Fyno cos' 6, (2.3a)
Fistep = nF. = Fyn sin? 6 cos? 0. (2.3b)

Now, if several (say,N) molecules contribute to the total fluorescence signal their
contributions have to be added up and the fluorescence reduction in the two channels is

complicates the equations here.
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given by:
N N
>_ FjsTED,i > cos' 0,
m = lN— = 770;,—, (2.4a)
> Fi cos? 0
N N
> F| sTED.i 3" sin? 0; cos? b
no= =M% (2.4b)
z FJ_}i Z sin2 91

where the summations extend over all contributing molecules. These equations show
thatn, = n, = nocos®@ only if N = 1 or if the molecules are identically oriented by
coincidence.

The prediction based on this derivation was verified in an experiment similar to the
one described in Sec2.2 The setup was slightly modified to match the prerequisites
of the analysis: Before the excitation beam was expanded, an achromatic quarterwave
retardation plate (460-680 nm, B. Halle Nachfl. GmbH, Berlin, Germany) was inserted
into the beam to produce circularly polarized light. In the detection path, the fluorescence
was split with a polarizing beamsplitter cube and was focused into two multimode fibes
(d = 62.5 ym, Thorlabs) coupled to two APDs (SPCM-AQR-13-FC, PerkinElmer Opto-
electronics). As before, a&% m? area of single JA 26 molecules dispersed in PVA was
scanned while the STED beam was intercepted by a chopper wheel. In order to be able to
differentiate fluorescent spots originating from single as opposed to multiple molecules
on the basis of their STED efficiencies, stimulated emission depletion was only performed
well below the saturation level. Therefore, the peak STED intensity was reduced about
6fold (/step ~ 200 MW cm~2) to ensure STED efficiencies 70%. Figure2.5shows
two exemplary scans (top, bottom) where the images collected by the two detectors are
displayed separately (left, middle). The horizontal profile of the framed spots (shown as
a 1D plot on the right of the figure) clearly reflect the two situations. While in example 1
the dips in the Gaussian shaped envelope are equally deep, in example 2 the intensity pro-
file of channel 2 is significantly stronger modulated than that of channel 1. This clearly
indicates the presence of more than one molecule in example 2. As a result, if the re-
spective experimental circumstances permit the polarization conditions introduced here,
the STED efficiencies provide further information for the occurence of single molecules
without an additional measurement and without sacrificing part of the fluorescence signal.
The only effort one has to take is to analyze the STED efficiencies.

3Throughout this thesis, laser intensities are reported as pulse peak intensities.
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Fig. 2.5 Example of discrimination between fluorescent spots originating from a single and mul-
tiple molecules based on the analysis of the STED efficiencies. The top and bottom rows show two
5 x 5 um? scans with polarization-resolved detection (left, middle). The trace on the right displays
the vertically integrated intensity from the framed spots in the images aside where the solid line
represents channel and the dotted line represents chaniheThe unequally pronounced modu-
lation in example 2 indicates the presence of more than one molecule. (Pixel dwell time: 2.5 ms,
peak STED intensifi/~200 MW cnt 2)

2.4 Fluorescence Recovery after STED

As was pointed out in the introductory sections on molecular photophysics (S8ct.

the number of different processes which may occur in organic fluorophores is manifold.
While stimulated emission is a well-established process, the application of highly intense
laser-light in the near-infrared may also induce transitions to states other than the ground
state and may open up additional photobleaching pathways. While the ultimate proof
of STED would be to directly detect the stimulated photons instead of the fluorescence
reduction, this is impossible on a single-molecule basis because the gain in signal (one
photon per pulse) is negligible compared to the shot noise of the laser. However, one
should at least ascertain that the fluorescence depletion is reversible and occurs instanta-
neously. It is nontrivial to unambigously prove the immediate fluorescence recovery in
bulk solution because, due to diffusion, fluorescence recovers within microseconds even
if the dye in the focus has been bleached. In this respect, a STED experiment on a sin-
gle immobilized molecule provides the maximal insight as it allows to track the fate of a
single emitter over time.
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First evidence for instantaneous fluorescence recovery and a proof of reversibility was
already presented in the initial experiment depicted in Ei§. The image shows that
many (~50) open-closed cycles of the STED beam can be applied with the molecules
resuming their fluorescence each time. A closer look at the data reveals that the recovery
occurs within one scan pixel and is therefore faster than the pixel dwell time qfsl For
a further analysis, the high time resolution of the time-correlated single-photon counting
technique (TCSPC) was exploited along with a modified pulse sequence which adds an
additional excitation pulse shortly after the STED pulse to probe whether the molecule
can be excited after it had been depleted a few nanoseconds before.

This pulse sequence was experimentally realized by a modification of the setup which
is depicted in Fig2.6. Before the STED beam was expanded in the telescope it was
split into two equally intense beams using a 50:50 beamsplitter cube. One of the sub-
beams was guided along an additional path of approx. 60 cm which translates into a delay
of ~2 ns. The beams were recombined with a second beamsplitter, were expanded and
coupled into the microscope as outlined in RigL. The delay of the STED pulses was
adjusted such that the first of the two excitation pulses was followed by a STED pulse
resulting in a sequence with

Exc. pulse — STED pulse — 2 ns delay — exc. pulse — 11 ns delay

as the repetition unit. The experiment was performed by acquiring lateral sectionBJ10
um?) of single JA 26 molecules dispersed in a PVA film in TCSPC mode. In order to an-
alyze the effect of the STED pulse in comparison to the excitation-only case, two images
were acquired simultaneously by repeating each scanline with alternating (open/ closed)
STED shutter positions. From these images, the TCSPC traces were extracted by inte-
grating the signal from one fluorescent spot at a time.

Two examples of TCSPC traces obtained at different excitation intensities are shown
in Fig. 2.7. In both graphs, the excitation-only trace is shown as a dotted line while the
excitation—-STED—excitation measurement (on the same molecule) is shown as a solid
line. In the example a), the initial excitation due to the first excitation pulse is seen at
t = 8.5 ns which is followed by the beginning of a monoexponential fluorescence decay.
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a) Excitation below saturation (6.5 uW) b) Excitation saturated (30 uW)
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Fig. 2.7. Results of the three-pulse experiment. TCSPC traces of a single JA 26 molecules em-
bedded in a PVA film in the presence (dotted lines) and absence (solid lines) of the STED pulse.
a) Excitation powe6.5 ©W, b) excitation poweB0 pW. The average STED power was 3.0 mW

in both experiments, excitation pulse length: 12 ps, STED pulse length: 15 ps (FWHM).

At t = 10.5 ns, the second excitation pulse induces a further rise with an amplitude equal
to the first pulse. This indicates that the excitation intensity is well below the saturation
level. In the respective TCSPC histogram with the STED pulse present, the initial rise
due to the first excitation pulse is followed by a STED-induced drop of the intensity to
almost the background level shortly after. The second excitation pulse, however, gives
rise to the same amplitude as is in the case without STED. While these curves suggest at
first glance that indeed a molecule is ready for excitation within 2 ns from the precedent
STED pulse it must be pointed out that this direct interpretation is not valid. The reason
is that the TCSPC trace does not reflect the true chronological order of events because it
is built up as a histogram by averaging over a large number of excitation-emission cyles.
(In this regard, the TCSPC technique is suboptimal.) Instead, the analysis has to be based
on the rise in amplitudes due to the first and the second excitation pulse. By examining
the TCSPC histograms in Fig.7a), one finds that the same rise in amplitude of the
fluorescence decay curve is caused by each excitation pulse, independent of whether the
STED pulse is present or not. This indicates that no dark states with a lifetime of multiple
cycles (i.e.>15 ns) can be populated by the STED pulse because, in this case, a reduced
amplitude of the fluorescence decay would be expected if the STED pulse is present.
Further, example b) shows the same experiment repeated with the excitation saturated
as is apparent from the identical fluorescence decay amplitudes reached after the first
and the second excitation pulse. However, these equal amplitudes also indicate that no
substantial builtup of a dark state with a lifetime of a few nanoseconds takes places which
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would inevitably entail a reduced amplitude after the second pulse compared to the first.

In summary, while the three-pulse measurement presented here is probably not sen-
sitive enough to disclose transitions to dark states with low transition probabilities, it ex-
cludes the formation of nanosecond-lived dark states as the major source of fluorescence
depletion. Therefore, it is to be assumed that stimulated emission is the main process
upon irradiation of electronically excited JA 26 molecules with near-infrared light.

2.5 PSF Characterization with Single Molecules

As the resolutions of STED microscopes have been dramatically improved rec&ijtly [
the need for ever smaller point-like objects has emerged to be able to characterize the
instruments’ performance. While, in conventional optical microscopes, the scattering of
nanometer-sized gold particles (which are readily available) can be used to sample the
point-spread function, this is not possible in STED microscopes as STED relies on the
intrinsic photophysical properties of organic fluorophores, namely the ability to undergo
stimulated emission. Therefore, fluorophore-labeled polystyrene beads have been com-
monly used which, however, become difficult to handle at sizes belé@ nm because
of aggregation. Of course, imaging single fluorescent molecules would be the ideal point-
like probe to assess the performance of a STED microscope. In a project closely related
to this thesis, single molecules were first used to sample the effective PSF and thereby to
characterize the resolution of a STED microscdifé.|

The setup used was similar to the one depicted in Eigwith the notable difference
that pulsed diode lasers instead of a Ti:Sapphire and an OPO were used for excitation
and stimulated emission depletion. While excitation was performed with a picosecond
diode laser (LDH-635, PicoQuant GmbH, Berlin, Germany) emitting pulses of 68 ps
duration at 635 nm, stimulated emission was effected by a second picosecond-pulsed
laser diode (LDH-780, PicoQuant GmbH) generating 303 ps pulses at 781 nm. To provide
sufficient intensity for stimulated emission depletion, the STED laser diode was amplified
about 8fold by using a tapered amplifier (picoTA, Toptica Photonics GmbH, Minchen,
Germany) before it was coupled into the confocal microscope. As the diameter of the
detection pinhole was 1.5 times the Airy disk, the lateral resolution of the microscope did
not exceed that of a conventional microscope.

To achieve a lateral resolution enhancement, a semicircular phase retardation filter
was placed into the collimated STED beam to introduce a phaseshifirdd one half
of the beam. As a result, the focal intensity distribution of the STED beam (depicted in
Fig. 2.8, right) features two laterallyz) displaced intensity maxima which are separated
by a vertically extended zero-intensity node of 272 nm width (FWHM). (For a more
detailed discussion on phase retardation filters see Chapd [B6]). The excitation
beam was focused to a diffraction-limited spot (depicted in Eig.left) and was centered
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Fig. 2.8 Focal intensity distributions of the ex-
Excitation citation and the STED focus, respectively. The
shape of the STED PSF was attained by plac-
ing a semicircular phasefilter into the collimated
STED beam which introduced a-phaseshift
into half of the beam. The intensity distribu-
tions were sampled with 150 nm gold beads in
reflectance mode.
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Fig. 2.9 Single molecules as point-like probes for PSF characterizafi®hh [Compared to the
conventional image the fluorescence spots in the STED image are squeezed about 5fold in the
direction due to fluorescence depletion. Fourier transformation of the fluorescence spots yields
the optical transfer function (OTF) which reveals a 6fold gain in spatial bandwidth. STED peak
intensity: 450 MW cnm?. (Data by courtesy of Dr. Volker Westphal, Géttingen.)

between the STED intensity maxima (F&38, right).

To characterize the resolution of the STED microscope, laterglgcans of single
JA 26 molecules embedded in a PVA matrix were acquired with the STED laser switched
on and off, respectively. In the conventional image (@, left), the molecules show
up as circular spots which reflect the lateral extension of the diffraction-limited excitation
focus. On the contrary, in the STED image (taken at the same sample position), the spots
are narrowed about 5-fold in thedirection which is due to pronounced fluorescence de-
pletion in the outer focal regions. The increase in resolution is also reflected in the optical
transfer function (OTF, see Sedt3) which was computed by 2D Fourier transformation
of the effective PSF which, in turn, was obtained by averaging the fluorescence signa-
ture of four individual molcules. Based on the individual noise levels, the resulting OTFs
in the x direction for both the conventional and the STED microscope reveal a 6-fold
increase in bandwidth (Fi@.9, right). Knowledge of the OTF can be used to perform
linear deconvolution which further narrows the PSF down t&28m [29].
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Even though the effective PSF is essentially homogenous across the scanned area, the
STED image shows a nonuniform distribution of the spot widths intidgection. The
reason is that the fluorescent molecules are electric dipoles which are subject to photos-
election as has been shown in S&8 Therefore, the STED efficiency attained on an
isolated molecule does not only depend on the local intensity but also on the orientation
of its dipole with respect to the polarization of the STED light. As a result, each individ-
ual molecule shown in Fig2.9 experiences a different extent of STED saturation which
translates into different degrees of resolution enhancement. This example teaches that
the derivation of the effective PSF for the STED microscope as shown in 58@is
only valid if a sufficient number of randomly oriented molecules is present in the focus
such that photoselection effects cancel out. As the effective PSF is scaled down and, con-
currently, the number of fluorescent molecules in the focus decreases, the photoselection
effect becomes increasingly important and must be taken into account.

Finally, it should be noted that, in a similar experiment, a (less pronounced) resolution
enhancement by a factor ef2 was achieved in both lateral directions and was character-
ized using single molecule8T].



Chapter 3

Single-Molecule Cross Section
Measurements

3.1 Introduction

The strength of interaction between a photon and a molecule — whether absorption, stim-
ulated emission or scattering — is described in terms of the respective optical cross sec-
tion o which can be intuively interpreted as the molecule’s photon caption area. Being a
fundamental parameter in the spectroscopic characterization of (fluorescent) dyes, optical
cross sections are of interest from a viewpoint of basic research, but their quantitative
knowledge is needed in applied fields such as laser design as well.

To calculate optical cross sections from first principles, a link between the observable
cross section and the quantum mechanical description of a light induced transition can be
established in terms of the Einstein coefficient of absorption or stimulated emission. For
a given (single) vibronic transitiof) — |f), the Einstein coefficient is related to the cross
sectiono (v) by [44]
co [ov)

By = —
f hn v

dv, (3.1)

wherec, is the vacuum speed of light, is Planck’s constant; is the refractive index,
v = ¢y/ Ao is the optical frequency and the integration extends over the full vibronic band.
Given the validity of the Born-Oppenheimer approximation, the Einstein coefficient can
also be expressed in terms of the wavefunctions of the involved stefles [
812 R

B = 515 (@il frer pe) | (@3] De) [ (3.2)
Here,|vi), |¢r), |®;) and|®) denote the electronic and vibrational wavefunctions of the
initial (i) and final (f) states, respectively, ang, is the electronic dipole moment oper-
ator. |(®;|®;)|” is the Franck-Condon factor of the particular vibronic transition. These

30
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equations may be expanded to describe the complete electronic transition (including the
full vibronic substructure) by extending the integration in E8}1)( over all vibrational

bands and by summing over all vibronic transitions in E32)¢( While ab initio calcu-
lations are principally feasible, they are impracticable for many quantitative studies due
to the exceedingly complicated potential energy hypersurfaces involved. For this reason,
calculations of cross section8g have not attained the required accuracy, despite recent
progress in theoretical methods, particularly in density functional theory (DFT). Hence,
for the time being, cross sections have to be determined experimentally.

Traditionally, stimulated emission cross sections are measured indirectly from ab-
sorption spectra (reciprocity metho89) or from spontaneous emission spectra and the
radiative lifetime (Strickler-Berg/ Fichtbauer-Ladenburg mettdxi91, 92]) where unit
fluorescence quantum yield is commonly assumed. These methods have been extensively
applied to laser media based on rare earth i68s94], but the deviations in the reported
cross sections are as large as a factor of tH#8e Cross section measurements based on
the decrease (absorption) or increase (stimulated emission) of inted&it97, 98] are
reliable to within 10-20% but are not transferable to the single-molecule level because
the signal loss or gain is negligible compared to the shot noise of the laser light.

The most straightforward way to determine the absorpion cross section on a single
molecule is to derive the excitation rate at a given intensity from the fluorescence emis-
sion rate. However, this approach inevitably requires the knowledge of the fluorescence
guantum vyield of the particular molecule as well as the detection efficiency of the setup.
From the absorption cross section, the stimulated emission cross section can be inferred
by use of the reciprocity principle which exploits the mirror symmetry of the absorption
and emission spectra.

However, stimulated emission cross sections of single fluorescent molecules can be
determined even if the fluorescence quantum yield and the detection efficiency are un-
known, as is shown in this chapter. In its simplest implementation, the method only
requires a fluorescence intensity measurement at a single STED laser intensity in addition
to a reference measurement in the absence of stimulated emission. However, to achieve
better statistical accuracy, the residual fluorescence is measured as the molecule is ex-
posed to increasing intensities of the STED laser beam. As these curves show a nearly
exponential decrease in fluorescence (eventually reaching the background level), they are
interchangeably referred to #sorescence depletion curves STED saturation curves
These curves are analyzed using the photokinetic models discussed next.

3.2 Photokinetic Models

The photokinetic models discussed in this chapter and used for the analysis of the mea-
sured STED saturation curves contain some simplifications which are to be discussed at
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the beginning. First, all models imply that the molecule has been excited and is in its flu-
orescent state initially, i.e. the modelling only describes the processes after excitation has
already taken place. In doing so, it should be realized that any effects that are sensitive to
the temporal shape and overlap of the pulses cannot be adequately described. It is further
assumed that both the excitation and the STED foci are aligned on top of each other and
that the lateral part of the focal intensity distributions can be adequately described by a
Gaussian function:

I(r,t) = I(0,t) exp (—2r%/w?) (3.3)

wherew is the Gaussian width at which the intensity has dropped-toof the peak
value. It is related to the full-width at half-maximum accordingt&HM = v/21n 2 w.

As the intensity is not directly measurable, it has to be expressed in terms of the time-
averaged laser poweF,. To do so, the intensity(r, t) is expressed as a function of the
instantaneous powd?(¢) which is readily derived from the fact that, at each instant
P(t) is given by the integral of the intensity over the focal plaR€;) = 27 [ I(r,t) rdr.
Carrying out the integration with Eq3(3) inserted for/(r,t) one finds that/ (0,¢) =
2P(t)/mw? and, as a result,

I(rt) = %P(t) exp (— 22 /u?). (3.4)

In the derivations of the photokinetic models below, the temporal shape of the pulses
is assumed to be either Gaussian or rectangular. For the latteri@gés simply given
by dividing the pulse energ¥r.s. by the pulse length where the pulse energy in turn
is given by the average powérdivided by the repetition frequengyof the laser:

EPulse p
P (t) = . = ﬁ ,

O<t<r. (3.5)

Taking into account that the average power is measured at the entrance of the objective
lens which has a limited (and wavelength-dependent) transmissido)of one arrives
at:

2\ T(\) P

TReet (7, 1) = (%> e ] exp (—2r%/w?) (3.6)
The corresponding formula for pulses with a Gaussian temporal shape is obtained by

temporal integration over the instantaneous polR@n = P, exp (—2t?/72) of a single

pulse which equals the pulse enety... = | P(t) dt. Carrying out the integration and

inserting the result into Eq3(4) yields:

3/2 =
TGauss(T, t) = (2) T(2/\) P exp (—2752/7'2) exp (—27‘2/11)2) (3.7)

7 w?T f
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where, againEp... = P/f has been used and the objective lens transmisgioy

has been introduced. Finally, for use in the photokinetic models described below, it is
convenient to express the intensities in units of [photonsx (8?)] rather than in [W /

(s x m?)] which is done by dividing Eqs3(6) and @.7) by the photon energic/\. By
denoting the focal photon fluxes witl{r, ¢), one arrives at the following expressions for
rectangular and Gaussian shaped pulses:

g) AT(\) P

Preet (1, 1) = ( m exp (—27“2/102) (3.8a)

™

and

/2 2
2)3 AT(\) P exp (—212/72) exp (~2r2/u?) . (3.8b)

hGauss(7, t) = (— hewtr f

™

3.2.1 Two-Level Model

In the introductory chapter, a four-level model to describe the processes involved in a
STED experiment has already been introduced [seelF&and Egs. 1.3)]. While that

model offers a lot of flexibility, it also entails quite involved solutions of the rate equations.
For the purpose of determining stimulated emission cross sections, though, the four-level
model can be significantly simplified. To begin with, the dynamics of the excitation pro-
cess are mostly irrelevant to stimulated emission, so it is assumed that the fluorescent
molecule is in its excited state $itially (expressed a$ (t = 0) = 1 whereP;(t) de-

notes the probability of finding the molecule in the Sate at time). Furthermore, the

rates of vibrational relaxatioh,;, are on the order o x 10'? s! whereas the rate of
stimulated emission is typically only in the range of %@0'! s~*, unless ultrashort (i.e.
femtosecond) pulses are used. Under these circumstances, hardly any population is built
up in the transient state; Svhich can therefore be disregarded along with the reexcitation
(S « §)) and vibrational decay (S— &) transitions. As a result, only the two levels

S; and § remain which are interconnected by fluorescence (with rate constpand

by stimulated emission (with rate constantrp). These simplifications leading to the
two-level model are also depicted in Fj1 Quantitatively, the dynamics of the excited
state in this model are governed by the following rate equation:

APy (t)
dt

= — (ka + ksteD) P1(1) (3.9)

wherekstep = ostephsTeD IS the intensity-dependent STED rate witkirgp denoting

the photon flux in the STED focus measured in [photonsx{ (8%)]. If one assumes (as

a further simplification) that the STED pulses can be modelled as rectangular in time, i.e.
the STED rate being constant during the STED pulse, the rate equation is easily solved
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Fig. 3.1 Simplification of the four-level model (a) to a two-level model (b) by neglecting the
excitation processes and assuming that > kstrp. AS a result, only the fluorescence and
stimulated emission transitions are considered.

by piecewise integration:
P1 (O) exp [—(/{Zﬂ + kSTED)t] for 0 S t S T
Pi(t) = (3.10)
Py (1) exp [—ka(t — 7)] for t>r1
wherer is the STED pulse duration. Under consideration of the fluorescence quantum

yield ¢q, the detection efficiencyy.;, the sampling time\¢ and the repetition rat¢ of
the laser, the detected fluorescence is given by temporal integration:

T

F(hstep) = qaqaet At fka | P1(0) /exp [— (kg + ksTrD)t] dt
0

—I—Pl(T)/exp(—k‘ﬂt) dt| . (3.11)
0

After evaluation of the integrals and normalization&¢0), this provides the following
expression for the fluorescence reduction factor:

F(h
n(hSTED) = %
ki +(1 L )e [—(kn + kstep)7] . (3.12)
= — ——— | exp|— T|. .
kq + EstED ka + kEstED P i STED

This result may be further simplified by recognizing that the fluorescence lifetime of an
organic fluorophore is on the order of a nanosecond, thatjiss 10° s~ which is
significantly smaller thattstrp. Thus, usingsy < kstep, EQ. 3.12) gives:

n(hSTED) ~ exp (—k‘STEDT) = exXp (—USTEDhSTEDT) . (3.13)
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By solving this simple equation fafsrgp = —(hstep7) ! In[n(hsTED)], it IS SEen that,

from the measurement of the fluorescence depletion at a single STED intkaisity,

the cross section can already be determined, as was mentioned in the introduction. For
higher statistical accurary, it is advisable, though, to measgiitergp) at various STED
intensities.

In fact, the monoexponential behavior predicted by E13 is observed under
proper experimental conditions, i.e. if the duration of the STED pulses is at least on the
order of picoseconds and the fluorescent lifetime is on the nanosecond scale. However,
some applications require the use of ultrashort STED pulses (e.g. to achieve a high time
resolution) or of dyes with subnanosecond lifetimes. In those cases, deviations from the
purely exponential behavior are expected because the transient'staten®t be ignored
any more. In the following section, the; State is reintroduced into the model, and it
Is shown that, despite being cumbersome, the model can still be analyzed in an analytic
fashion.

3.2.2 Three-Level Model

By reintroducing the previously ignored transient stgjetBe three-level model shown
in Fig. 3.2 is obtained which accounts for two important aspects of STED which were
previously neglected. One effect is the already mentioned reexcitatimnto the STED

'
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' v v So* Fig. 3.2 Three-level model for stimulated emission.
2 In addition to the two-level model of Fi@.1reexci-
=~ tationS; < Sj and vibrational relaxatioB; — Sg

is considered.

pulse which, in fact, is inseparable from stimulated emission and is particularly relevant
if the STED ratekstrp and the vibrational decay rate;, are on a similar scale. Unlike
before, significant population is built up in th¢ State ifksrep =~ kvi,. Second, the

1The inclusion of reexcitation into a two-level model would lead to the erroneous prediction that no
more than 50% of the excited molecules can be driven to the ground state because, at equal populations
of the Sy andS; states, stimulated emission and reexcitation balance out and no net change in population
occurs.
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three-level model takes into account that stimulated emission is carried out in the long-
wavelength range of the fluorescence spectrum, such that the photon energy of the STED
light only suffices to drive the molecules from thestate into highly vibrationally excited

levels of the ground state, which are collectively represented;byThese levels are
depopulated by vibrational relaxation on a picosecond timescale which acts as an efficient
drain of population for th&,; < Sy* system. As a result, (almost) complete fluorescence
depletion can be achieved if the STED pulse is significantly longer than the time constant
of vibrational relaxation.

In addition to the already discussed transitions of fluorescence, stimulated emission,
reexcitation and vibrational decay, the model in Bd.includes an additional quenching
transition as a wild card for possible radiationless decay channels such as internal con-
version, collisional quenching etc. However, without restricting the applicability of the
model, the quenching rate,, which collectively accounts for all these phenomena, can
be implicitly included inkq and does not need to be accounted for explicitly in the rate
equations. In fact, this approach accomodates the experimental implementation where,
using time-correlated single-photon counting, éxeited statdifetime (kq + kqu) ' in-
stead of theadiativelifetime kg is measured. The rate equations of the three-level model
now read:

drs (1)

T = — (kstED + Kviv) Py (t) + (ka + kstep) P1 (1) (3.14a)
dP(t
dlt( ) kstep Py (t) — (ka + kstep) Pi(t) (3.14b)

where P;(t) and P, (t) denote the probabilities of finding the molecule in thea8d S

states, respectively. Again, it is assumed that the system is in its excited staitéally.

Under the assumption that the STED rate is constant (i.e. that the pulses are temporally
rectangular in shape), this set of ODEs can be solved by diagonalization of the coefficient
matrix. ForP; (t) (which is of exclusive interest here) one obtains:

Kt kg — Ky
h(t) = P (* exp [—(2kstED + ka + Kvib + kl)t/2]
k' — kg + ky;
- Qﬂk, — exp [~ (2kstED + ka + kv — k')t/2]> (3.15)

where the abbreviation

k' =/ (2ksteD + Fa)? + kvin? — 2kakei, (3.16)

has been introduced arf¢f denotes the probability of finding the molecule in the excited
state initially (i.e. at the beginning of the integration interval, see below). As before,
the total fluorescence is obtained by piecewise integration kver(t) during the two
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intervals with STED (| < ¢ < 7) and without STED# > 7). By normalizing the result
to F'(0), the STED depletion factor is obtained as a function of the STED intensity (via

kstep = 0sTEDRSTED):

n(hstep) =

kstep (2kstED + 3ka — kyib + &) oxp | — (2ksTED + ko + Kvib + K') T
K (2kstep + K + ko + &) F 2

_ kstED (2kstED + 3ka — kyi, — k') oxp | — (2kstED + ko + kvin — k') T
K (2kSTED + ka + kvip — /{/) P 2

ka (ksteED + Kvib)
kvib (ksTED + Ka)

(3.17)

While, at first glance, this result suggests a much more complex dependeyiégefy)
on the STED intensity, the same simple monoexponential decay behavior as §118)y. (
can be derived when the previous assumptions are applied:

n(hstep) ~ exp (—ksTtEDT) , if  ka < ksrep < Kyib-

While it is reasonable that the two models converge to identical expressions under the
same simplifying assumptions, it is important to assess the range of parameters for which
they are valid. This is the subject of the following section.

3.2.3 Comparison and Evaluation of the Models

As has just been shown, the two photokinetic models converge to the same expression
if the prerequisitesy < kstep < kyip are fulfilled. While the experimental condi-
tions often justify these assumptions, under some circumstances they may be violated if
e.g. dyes with short lifetimesg1 ns) are used. In those cases, the models may provide
deviating results as is demonstrated in B@. The graphs show a series of simulated
fluorescence depletion curveghsrep) obtained from Eqs.3(12 and @3.17) for differ-

ent pulse lengths (100 fs, left and 15 ps, right) and stimulated emission cross sections
(0stED = 0.5 X 10716 cm?, ogrpp = 2.0 x 1076 ¢cm?). The most striking failure of the
two-level model occurs at short STED pulse lengths. While the three-level model predicts
that the fluorescence asymptotically approaches a residual nonzero léyekgas— oo,
according to the two-level model the fluorescence converges to zero. For longer pulses,
the deviations between the models are less pronounced. The explanation for this discrep-
ancy is the fact that reexcitatioh — S§ due to the STED pulse and vibrational relaxation

in the ground stateS{ — S,) are competing processes. In fact, the vibrational relaxation
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Fig. 3.3 Simulations of fluorescence depletion curves for two different pulse lengtasi(o0 fs,
10 ps) and stimulated emission cross sectionsrzp = 0.5 x 10716 cm?, 2.0 x 10716 cm?) ac-

cording to the two-level (dotted lines) and three-level model (solid lines). Simulation parameters:
A=T775nm, g = 2 ns, Tyipb = 1 ps, w = 400 nm, f = 76 MHz.

acts as a drain of population in te < S system while the STED pulses induces cy-
cling between these states. If the STED pulse is long comparkg,td, this drain may
become complete and no fluorescence is emitted. However, if it is on a similar timescale
as the vibrational decay, significant population is left in$he— S{ system which gives

rise to some (residual) fluorescence. As the two-level model only has channels that de-
populate the fluorescefsy level, it cannot account for this phenomenon of competing
processes. On the other hand, if the STED pulses are too long (e.g. on the order of the
fluorescence lifetime), complete fluorescence depletion cannot be achieved because spon-
taneous emission starts to become an efficient competing process to stimulated emission.
Fluorescence is emittetliring the STED pulse thus lowering the STED efficiency.

In summary, the two-level model (and even its simplification to a monoexponential
decay) provide mostly correct descriptions of the STED saturation curves for the regime
whereky < kstep < kyip. Thus, because of their simplicity, they are ideal for quali-
tative discussions and for a quick parameter estimation. For accurate quantitative mea-
surements, though, the three-level model is more appropriate. Because its use as a model

function for fitting purposes poses little additional computational burden, it is used exclu-
sively to fit the measured depletion curves in S8@&.
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Finally, it is instructive to calculate the level of residual fluorescence from E#7)
by taking the limit asisrgp — oo:

. kn kvinT 1 kvinT
| = 1— — — —
kSTEllrariwn(T) l{ivib |: eXp ( 2 >:| + 2 oXP ( 2 )

1 kvi
5 exp <— 2‘37) (3.18)

Q

wherek,;, > kg has been used. From this equation, it is seen that the vibrational decay
constant can in principle be determined by a simple measurement of the residual fluores-
cence at high STED intensities (provided short pulses are used). On a single molecule
basis it may be difficult, though, to determine this relatively low saturation level with a
sufficient signal-to-noise ratio in order to determing, reliably.

3.3 Measurements

For the measurement of the single-molecule stimulated emission cross sections, the setup
described in Sec®.1 was only slightly modified. To minimize photoselection effects,
circularly polarized light was used for both excitation and STED which was generated
by placing two achromatic quarterwave retardation plates (460—680 nm/ 500-900 nm, B.
Halle Nachfl. GmbH, Berlin, Germany) into the laser beams. In addition, the size of the
focal spots was increased by placing apertures with diameters of 3.6 mm and 4.7 mm
into the expanded excitation and STED lasers, respectively. While this only marginally
affected the lateral focal spot size, it provided significantly extended foci in the axial direc-
tion (2o ~ 0.8 ym andz, ~ 1.5 pum for excitation and STED, respectively) which reduced
the sensitivity of the setup with respect to positioning the molecules into the focal plane
and to drift in thez direction. Moreover, this measure rendered the longitudinally (
polarized components of the focal field negligible. The excitation and STED wavelengths
were 566 nm and 778 nm, respectively. The pulse lengths determined by autocorrelation
were ~13 ps for excitation and 14 ps for STED (FWHM). The laser power controllers
were calibrated prior to the cross section measurements by recording the optical power at
the entrance of the objective lens as a function of the LPC setting with a precision optical
power meter (Model 1930 with detector 918-SL, Newport GmbH, Darmstadt, Germany).
As in the proof-of-concept experiments (Chap, the cross section measurements
were conducted using JA 26 molecules immobilized in a PVA matrix. For each recording,
a single molecule was positioned in the laser focus by performing repeated linescans
in the y direction while adjusting the: position until a fluorescence peak of maximal
amplitude was encountered. Afterwards, consecutive line scans across the molecule were
performed while the average STED power was ramped up line by line from zero to 3—
10 mW (Fig.3.4b). After each power ramp, the STED beam was interrupted to verify that
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Fig. 3.4 a) Lateral section75 x 7.5 um?) of isolated JA 26 molecules dispersed in a PVA
film. b) STED saturation trace of a single molecule. Top: Image of a single JA 26 molecule
that is repeatedly scanned in thedirection (vertical axis) while the STED power is increased
(horizontal axis). The fluorescence decreases until the shutter in the STED beam is closed. Then,
the intensity recovers to its initial value until photobleaching occurs in a single step (indicative of a
single molecule). Bottom: Fluorescence intensity trace of the center pixel of the molecule shown
above. The gray shaded ramp indicates the applied STED intensity. Experimental parameters:
Poe =~ 2 uW, Pstgp = 0--- ~ 8 mW (the upper limit depends on the time of shutter closing),
Aexc = D66 NM, Astep = 778 nm.

the fluorescence recovered to its initial value. The scanning was continued until one-step
photobleaching was observed.

To analyze the acquired fluorescence traces, it may be tempting to sum up the intensity
of each fluorescent spot in the verticg) flirection to achieve an optimal signal-to-noise
ratio. However, such a procedure introduces a systematic error as it does not account for
the fact that the STED intensity and thus the STED efficiency varies across the focal spot.
If the STED depletion factor is determined from a trace added up iny tieection, an
average of the following form results:

: J hese(y) n [hsrep (y)] dy

n(PstED) T hee(0)dy (3.19)
whereh,.,.(y) andhgrep (y) denote the excitation and STED PSFs, respectivélyyp is
the time-averaged STED power and the integration extends over akes in Fig.3.4.
Even in the simplest case whefhsrep) iS @ monoexponential decay function (see
Sect.3.2.]) and Gaussian shaped PSFs are assumed, the integrals cannot be solved ana-
lytically. The analysis of experimentally acquire@Psrrp) curves would therefore have
to resort to an iterative approximation scheme.
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This averaging in the analysis procedure can be avoided, though, if only the center
pixel of each scan across the molecule is taken for evaluation. (In3Eg, top, this
corresponds to a horizontal line along the maximum intensity.) The STED PSF is as-
sumed to be flat within this pixel such that no significant error is introduced. This scheme
was adapted because the signal-to-noise ratio did not prove to be the limiting factor for
accuracy.

The experimental fluorescence depletion curves were fitted using a C++ implementa-
tion of the Simplex algorithmd9] with Eq. (3.17) as the model function. In this equa-
tion, kstrp was replaced b¥step = ostep hstep Wherehgtep was calculated from
the measured average power according to Bgg. The following experimental pa-
rameters required for the fitting procedure were determined independently: STED wave-
length Astep = 778 nm, objective lens transmissidi(A\srgp) = 0.71, STED pulse
lengthstep = 12 ps, lateral width of the STED focussrgp = 360 nm, repetition rate
f = 75.26 MHz and fluorescence lifetimg; = 3.96 ns. The latter was determined by
time-correlated single-photon counting. Finahy;, only marginally affects the fitting
result, and an estimated value®f, = 0.5 ps was used which is typical for an organic
fluorophore §5].

3.4 Results and Discussion

A total of 65 molecules were measured and fitted using this procedure. From the full
dataset, eight representative curves were selected and are display8dbRigng with

the respective cross sections determined by curve fitting. As can be seen from these ex-
amples, the variation in the cross sections is large with the majority of molecules yielding
values betweef.5 x 1071¢ cn? and0.9 x 10~1¢ cn?. In the full dataset, values between

0.3 x 10716 cm? and 1.7 x 1016 cm? were found, a histogram of which is shown in

Fig. 3.6. These pronounced variations can be mainly attributed to photoselection which
is effective for STED just as it is for excitation. This is illustrated in RBgZ which de-

picts a molecule whose transition dipole orientation is given by the azimuthal and polar
anglesp andd, respectively. Because the contributionzgbolarized components in the
microscope is negligible (as can be shown by diffraction theory), only the projection of
the transition dipole into the focal plane is effective which is scaled by a factan 6f
compared to its absolute value. Unlike thelependence, which was experimentally ex-
cluded by the use of circular polarization, #ie 6 factor cannot be eliminated. To assess

the absolute cross sectional values it would be desirable to determine the molecular orien-
tations along with the fluorescence depletion curves. In fact, several schemes have been
proposed to measure molecular orientations most of which are based on an analysis of the
fluorescence pattern a molecule is emitting under special illuminations conditiogls |

or when the molecule is slightly defocusetD[l]. However, these approaches are not
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Fig. 3.5 Fluorescence depletion curves acquired on eight indivual molecules. The indicated stim-
ulated emission cross section were determined by fitting the curves with the three-level model
function, Eq. 8.17).
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feasible for the cross section determinations as they necessitate a separate measurement
with a high signal-to-noise ratio demand. Thus, the available number of fluorescence
photons, which is severely limited by photobleaching, would have to be shared among
the two measurements which is unacceptable for the desired statistical accuracy. A more
appropriate scheme based on a multidetector setup has been theoretically prépdsed [

but is difficult to implement experimentally without loss of signal.

As a resort, to derive the absolute value of the stimulated emission cross section, it
is conceivable to fit the histogram in Fig.6 with a distribution function for the in-plane
components which can be derived based on the assumption of randomly oriented mole-
cules. While not even this assumption is necessarily realistic (because spin coating of
the thin polymer film may introduce orientational bias), the manual selection and analy-
sis of the single molecule traces strongly distorts the distribution. Furthermore, a global
analysis disregards the possibility of individual variations in the stimulaed emission cross
sections which may exist as a result of variations in the local environment. Therefore, a
guantitative analysis of the histogram was omitted. Instead, the largest determined stimu-
lated emission cross sectionbf x 10~¢ cm? should be a good estimate of the average
absolute value which is on the same order of magnitude as was found for a solution of
fluorescein/ methanol (4 x 10~'¢ cm?) in a cuvette-based experimen].

To verify the suitability of the model used for the cross section determination, the flu-
orescence depletion curves were also fitted using the mononexponential decay function
[Eq. (3.13] and by solving the rate equations of the three-level model [BE4.4(] nu-
merically using Gaussian pulses. Thus, the influence of the third level and of the pulse
shaped can be evaluated. The fitting results for the eight curves shown 8.5 mye
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shown in Table3.1. From this data, it must be concluded that the two-level model is in
fact an oversimplification if quantitative results are to be obtained. On average, the cross
sections are underestimated by 15-20%. The comparison further shows that the neglect
of the pulse shape introduces only a minor error §%) which is on the order of the
statistical accuracy of the measurements. The latter was estimated to be within 10% by
repeatedly fitting selected saturation curves with the parameters varied within their er-
ror ranges. These were taken from the manufacturer’s specifications of the measurement
equipment and/ or determined from multiple measurements of the quantity of interest.

It is worth noting that the presented method is not directly transferable to measure
absorptioncross sections in the same way. This can be demonstrated by setting up a two-
level model for absorption in analogy to the one in Fd. By solving the respective rate
equation under the assumption/Qf. = g.pshexe > kg, ONe can show that the detected
fluorescence as a function of excitation intensity follows:

F(hoxc> = 41 qdet f At [1 — €Xp (_Gabshcch)] (320)

whereo,,s is the absorption cross section ahd. is the excitation intensity in [pho-

tons/ (sxm?)]. The primary advantage in the determination of stimulated emission cross
sections is that the preexponential factors cancel out as the fluorescence intensity is nor-
malized to the reference value at zero STED intengity)). Therefore, accurate mea-
surements are possible even thoyglandqg,.; (which are difficult to measure on a single
molecule) are unknown. If an equivalent normalization scheme is to be used to determine
absorption cross sections, the fluorescence intensities have to be divided by the fluores-
cence saturation leveF[(h... — o0)] in order to cancel ougs andgqg.. However, the
determination of this saturation level, in particular on a single-molecule level, is severely
challenged if not rendered impossible because of photobleaching. Even if the preexponen-
tial parameters in Eq3(20 are to be determined by curve fitting, the excitation intensity
has to be increased until the onset of saturation is observed.

Although the absorption cross sections were not measured explicitly, it is worthwhile
to derive their approximate values from E§.40 using estimates for the detection ef-
ficiency and the fluorescence quantum yield. As the excitation is subject to the same
photoselection as is STED (provided the respective transition dipoles are colinear), a cor-
relation between the absorption and stimulated emission cross sections is expected. Using
qaes = 4.2% (which was derived in Sec?.1) andgg = 1 (as an assumption), the absorp-
tion cross sections shown in the right-most column of T&bleare obtained. Despite the
uncertainties in the calculation, the calculated values are surprisingly close to the mea-
sured stimulated emission cross sections. In most of the examples, both cross sections
follow the same trend, but a few cases (e.g. #6 and #8 in Tatjeshow striking differ-
ences. These may be explained in terms of local variations in the fluorescence quantum
yield which do not influence the measurement of the stimulated emission cross sections
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# USTED/10_16 cm? USTED/10_16 cm? O'STED/lo_lG cm? O'abs/lo_16 cm?
(2-level model) (3-level, rect. pulses) (3-level, Gauss. pulses)
1 0.44 0.53 0.50 0.81
2 0.46 0.56 0.53 0.59
3 0.52 0.63 0.60 0.88
4 0.84 1.03 0.97 0.58
5 0.80 0.94 0.90 1.07
6 0.38 0.44 0.42 1.49
7 0.49 0.57 0.55 0.70
8 0.23 0.26 0.25 1.11

Table 3.1 Stimulated emission cross sections determined from the fluorescence depletion curves
in Fig. 3.5 using the simplified 2-level model function [EcB.L3)], the 3-level model function

[Eqg. (3.17] and the numerical solution of the rate equatioBsl{) using Gaussian pulses. For
comparison, the respective estimated absorption cross sections are shown additionally.

but do affect the absorption cross section measurements (which are essentially intensity
measurements). On the other hand, the cases of gross mismatch may also be explained
in terms of multiple agglomerated fluorophores which were occasionally encountered in
the samples and were sometimes identified by their stepwise bleaching behavior. Unfor-
tunately, in many cases, the origin of mismatch cannot be assigned unambigously.



Chapter 4

Fluctuation Spectroscopy in Reduced
Volumes

4.1 Introduction

The today’s availability of optical microscopes with single-molecule sensitivity has paved
the way for a whole new class of spectroscopic methods collectively referreditmas
rescence fluctuation spectroscofyFS). All of its variants are based on the registration
of the fluorescence emitted by a single or, at most, a few molecules and by extracting
information from the analysis of the intensity fluctuations which result from diffusion in
and out of the detection volume, from photophysical processes and from chemical reac-
tions. These kinds of analyses have remained unfeasible in the “pre-single-molecule era”
because the fluctuations on which these methods are fundamentally based cancel out in
any bulk measurement.

The earliest of the fluctuation methods and thereby the parent technique is fluores-
cence correlation spectroscopy (FCS) whose concept dates back to 197EFshieand
Madge derived the theoryq, 103 and presented the first experimental implementation
[104). However, because of the low sensitivity of the detectors, the relatively large de-
tection volumes (compared to todays standards) and the noisy laser sources, fluctuations
were difficult to observe, and exceedingly long collection times of up to 24 hours were
required. Needless to say that, initially, FCS did not find a dedicated following. The
situation changed remarkably, though, when avalanche photodiodes (APD), confocal mi-
croscopes and digital hardware correlators became commercially available in the 1990s
and, since then, FCS has become an easy-to-use and reliable tecHdigl2 [LO5.
Its attractiveness is based on the fact that multiple information are obtained in a single
measurement while, at the same time, extremely low amounts of material are required.
Because it is also well suited for automatization, FCS is not only used for photophysical
studies in basic research but also in commercial applications such as drug discovery and

46
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high-throughput screening (HTS)T, 18]. It is therefore the fluctuation method most
widely applied today.

The (auto)correlation approach employed in FCS characterizes the duration of fluores-
cence emission due to each fluorophore. This duration may be limited by the molecule’s
diffusion out of the detection volume, or by transitions to (transient or permanent) non-
emissive dark states. Hence, FCS is capable to provide information on the kinetics of
the system under consideration and, if the focal geometry is known, on the absolute con-
centration of the fluorescent solute. In particular, the diffusion times extracted from the
correlation curves are commonly used to monitor association/ dissociation reactions (e.g.
receptor-ligand binding) in biomedical applications. However, for the diffusion times to
be discriminated with confidence,~a2fold increase in diffusion time upon binding is
required [LO§ (corresponding to a change in molecular weight by a facter®yf which
severely limits the number of feasible FCS applications. Unlike many of its sibling tech-
niques developed later, FCS is unable to differentiate between (static) populations which
differ only in their specific brightness. These limitations have at least partly been allevi-
ated, though, with the introduction of (multicolor) cross correlation technidqL@g gnd
higher-order correlation analysi$(8g, 109, 11d.

Alternatively, the fluorescence fluctuations can be analyzed in terms of the photon
counting histogram which is built up from the number of counts detected in time intervals
of equal width. This approach has been initially propose®@inn andElson [110 and
has been made popular by two independent grouflsi@a®scence intensity distribution
analysis(FIDA) [13] and asphoton counting histogram analysiBCH) [14]. Because
these histogram-based techniques allow to differentiate molecular populations based on
their specific brightness, i.e. on the number of emitted photons per molecule and unit
time, they are complementary to FCS. In fact, with the computational hardware available
nowadays, it is possible to store each photon count along with its macroscopic arrival time
(with respect to the beginning of the measurement) and the microscopic arrival time (with
respect to the following laser pulse). From these data, both the FCS curve and the FIDA
histogram can be generated which can be simultaneously analyzed in a single global fit to
provide all parameters accessible by both methods.

4.2 FCS in Reduced Volumes

It has already been mentioned that fluorescence fluctuation methods require that only few
molecules be present in the detection volume at a time to ensure fluctuations considerably
above the background level. More precisely, the zero<tag:(0) amplitude of the inten-

sity correlation function approachégN where N denotes the number of molecules in

the detection volume (see Sedét3.1). While this relationship provides the basis for ab-
solute concentration measurements, it also points out the concentration limitation of FCS.
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Typically, at most ten molecules in the detection volume are tolerated which, at a detec-
tion volume of 0.2 fL (1 fL =10~'° L) in a confocal setup, translates to a concentration
not exceeding a few tens of nM. In many experiments, even lower concentrations are used
to observe truely isolated molecules. While, in artificial environments, the concentration
limit is not commonly a problem, this is different when weak interactions are to be studied
as is the case in many biological systems. This may be illustrated as follows. Suppose a
prototype association/ dissociation reaction of two species A and B that can form a weak
complex:

AB = A +B.

The dissociation constant of this reaction is givenftyy = [A] [B]/[AB]. Assume that

A is fluorescently marked and that both A and AB are to be detected simultaneously.
Assume further that A and B are present at a concentration of 10 nM anddthat

1 uM. Then, from the definition of the dissociation constant, it is easily calculated that
[AB] = 0.1 nM which is a factor of 100 less thari]. However, as has been shown
both experimentally and by simulation(g, the fraction of AB should not fall below

0.5 if the two components are to be identified concurrently with statistical significance.
Therefore, to achieve comparable concentrations for A and AB, the total concentration
must be raised. To stick with the above exampl¢Aif= [B] = 1 uM, the concentration

of ABis 1 uM as well.

Yet another complication may arise if concurrent processes with similar characteristic
times are to be discriminated by FCS which is possible only if the time constants differ by
at least a factor of 1.51p¢. Therefore, reactions with time constants close to the charac-
teristic diffusion time can only be monitored if the diffusion time is changed atrtificially,
e.g. by changing the size of the focal volume or the solvent’s viscosity.

These problems have been recognized in the past few years and several suggestions
have been madé 1] to achieve reduced focal volumes in order i) to maintain the number
of molecules in the detection volume small even at increased concentrations and ii) to
reduce the diffusion times. The techniques proposed can be categorized into optical and
mechanical approaches and combinations thereof, sed.Eid/Vith the exception of the
STED technique (Figd.1c), these methods have in common that diffusion is constrained
in at least one direction and that a surface is adjacent to the detection volume. Therefore,
care has to be taken that adsorption/ desorption processes do not interfere with the process
under investigation.

The first successful realization of a confined volume FCS experiment was reported
by Levene and coworkers]12, who implemented an array of nanowells acting as zero-
mode waveguides. Fluorescent solute molecules diffused into the wells from a drop of
solution placed on top of the array. FCS curves acquired atM®ulk concentration
revealed an average of 0.1 molecules per waveguide, and the diffusion time could be re-
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Fig. 4.1 Approaches to reduced detection volumes in FCEI[ a) Micro-/nanowells with
evanescent field excitation, b) total internal reflection (TIR) excitation, c¢) stimulated emission
depletion (STED), d) microfluidic channels, e) near-field excitation through a tip.

duced by an order of magnitude. However, (uncorrelated) fluorescence background from
the supernatant reduced the correlation amplitudes significantly. More redantty et

al. published their implementation of a total internal reflection (TIR-)FCS setf [
which they successfully used to study the receptor-ligand binding in a model membrane.
The most recent advance was reportedrbyuet et al. who managed to reduce the focal
volume by a factor of~100 using submicrometer-sized fluidic channéi&4.

4.3 FCS and FIDA Reuvisited

As was pointed out above, the theory that is underlying FCS has been developed long
ago and has been reviewed in several monographd4 L5 and extensive review articles

on FCS [L1, 12, 105. Therefore, its derivation will only be outlined here as far as is
necessary to motivate the combination of FCS with the STED technique. The same holds
for the younger FIDA technique which is outlined only briefly to cover the aspects relevant
to the studies presented in this thesis. More comprehensive derivations can be found in
the literature $4, 116 117).

The observable in any fluorescence fluctuation experiment is the detected fluorescence
intensity /(¢) which gives a handle to the concentration of one or several fluorescent
species. (The same formalism holds irrespective of whether the fluorescence signal is ac-
quired as an analog photocurrent or as a digital photon count rate which is more common
nowadays.) In the case of a single fluorescent solute, the total detected fluorescence is
made up of the contributions from all volume elements within the detection volume

](t) = Oabs Gfl Gdet / hexc("") Det (7') C(T‘, t) d3r. (41)
\%

C'(r) is the local concentration at positien= (x, y, z), o.ps denotes the absorption cross
section of the fluorophorey is its fluorescence quantum yield aqg; is the detection
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efficiency of the setup which is mainly determined by the solid angle the fluorescence
is collected from, losses at the dichroic beamsplitters and bandpass filters and the de-
tector quantum efficiency. For a typical confocal setyp, ranges from 2 to 5% (com-

pare Sect2.1.1). Furthermoref...(r) is the excitation point-spread function (PSF) and
hqet () is the collection efficiency function, i.e. the (normalized) probability distribution
function for detecting a photon that was emitted at locatioBoth distribution functions

are usually combined into a single brightness function) = hey.(r) haet(r) and, in

FCS, are commonly approximated by a three-dimensional Gaussian function

p(7r) = poexp [—2(952 + y2)/w02] exp (—2z2/z02) ) (4.2)

Here,wy andz, are the lateral and axial coordinates, respectively, where the intensity has
dropped by a factor of 2 compared to the peak valpg.

4.3.1 Theory of Fluorescence Correlation Spectroscopy

As was mentioned in the introductory section, dynamical processes are analyzed in FCS
in terms of the concentration fluctuatioh&'(r, t) = C(r,t) — (C) as these carry infor-
mation on the dynamics of the system. Heredenotes an ensemble average étid, t)
Is the local instantaneous concentration. The concentration fluctuations are reflected in
fluctuations of the fluorescence intensity whose autocorrelation function is defined as

Gy = LI+ ) GIOBIE) | (4.3)

{I) (1)

where the definitiorf (¢) = (I(t)) + dI(t) has been used. The last equality in B3
holds because the system is assumed to be stationary in time. InsertidgliEépr(/(¢),
the intensity correlation function takes the following form:

(J [ p(r)p(") 6C(r,0) 6C(r', 7) d*r d*r)

G(r) = 5 +1
(7) ([ p(r)C(r,t)dr)
[ [ o) p(r") g(r,r',7) Qd?’"’ d’r’ (4.4)
(C) [ p(r)d3r)
wherep(r) = hex(T) haet(r) has been used. In this expression,
g(r, v, 1) = (6C(r, t)0C(r',t + 7)) = (6C(r,0)6C(v", 7)) . (4.5)

is the concentrationautocorrelation function. The analysis presented here is restricted
to the simplest case where only a single nonreactive fluorescent species freely diffuses
in an open volume. The spatio-temporal evolution of the local concentration is therefore
guantitatively described by the diffusion equation:

00C (r,t)

_ 2
o = DV26C(r, 1), (4.6)
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where D is the diffusion constant andl is the Nabla operator. This equation is readily
solved after Fourier transformatibmto spatial frequency space to give:

C(q,t) = C(q,0) e P (4.7)

whereC(q,t) = F,[0C(r,t)] is the Fourier transformation of the concentration fluc-
tuations with respect to the spatial coordinatesUsing this result, the concentration
correlation function Eq.4.5) can now be further elaborated:

gr,v’,7) = F.' [<5C(r,0)é(q’,7)>]
- F [<5C(r,0)é(q',0) e—DQ’QTﬂ
= FH{Eg 60,0000 0)]e P T (4.8)

A

where the definitions of the Fourier transfosfy and its inverse;’-“;1 have been applied.

The interchange of Fourier transform and ensemble averaging is justified because both
are linear independent operations. An expression for the time zero correlation amplitude
g(r,r’,0) = (6C(r,0)6C(r’,0)) can be derived by considering that FCS is performed in
highly dilute, that is, in ideal solutions. Thus,

1. solute molecules are noninteracting, i.e. correlations between molecules at different
locationsr andr’ vanish, and

2. the concentration fluctuations are governed by Poissonian statistics for which the
mean square deviation is equal to the mean.

Therefore,
g(r,r’,0) = (6C(r,0)6C(r', 7)) = (C) 6(r — 7). (4.9)

Plugging this expression into Edt.@), the inner Fourier integral collapses and one arrives
at:

glr,1',7) = (7)) Ft | me e |

= (2m)3(0) / ol (r=r)g=Da*T g3/ (4.10)

lin this derivation the symmetric definition of the Fourier transform is useg,; [C(r)] =
(2m)73/2 [exp(igr) C(r) d’r.
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When this result is now substituted into the intensity correlation function E4)]@nd
the integrals over andr’ are executed, one arrives at:

Gy = CIHO Upme e dn) ([p)e T dr) e b ag
((C) [ p(r)d®r)
fp ]5 —Dq Td3 ’
- +1
(€) (f p(r) dér)’
- T+ (4.11)

(C) (27r) *(0)
wherep(q) is the Fourier transform of the effective excitation/ detection profile, that is,

the optical transfer function (OTF). For the Gaussian effective point-spread function given
by Eq. @.2) the OTF is again Gaussian:

2

2 2
. Po Wo? 2 w 2
plq) = % exp {—?0 (¢.° + qf)} exp (—%%2) (4.12)

which, when inserted into the expressidnl(l), yields:

1 4D 7\ 7! 4D 7\ V2
— 1 1 ) 4.1
G(7) (C) w3/2 w2 2 ( + wo? ) ( + 202 ) (4.13)

If one defines/ = m%/2 w,? 2, as the detection volume, then = V (C) is the number of
molecules in this volume. Applying Einstein’s diffusion formuala= w? /4D, one finally
obtains:

1 T - T —1/2
G(r) = N 1+ - 1+ - +1 (4.14a)
ﬂmy 7Z

1 T -t T —1/2
= — |1 1 1. 4.14b
N ( " TD,Iy) ( " K? TD,xy) - ( )

Here,m ., = wo?/4D andm, , = 20*/4D are the characteristic diffusion times in the
lateral and axial directions, respectively, alid= z,/wy is a structural parameter that is
solely determined by the shape of the detection volume. Equationd) @re the model
functions most widely used when purely diffusional FCS data have to be fitted. The
latter form @.14b is advantageous if, in a series of FCS measurements, the excitation
conditions remain constant. TheR, can be kept constant and only and r, ,,, have
to be fitted. In the STED-FCS experiments described below, however, the shape of the
focus changes in a series of measurements and the former expretdiéd (s more
appropriate for curve fitting.

The definition of the detection volume used above is somewhat arbitrary, because it is
not constrained by any natural boundary. Especially for non-Gaussian shaped detection
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o8 \ Fig. 4.2 Decrease of the zero-time FCS am-
06 plitude with increasing background. The am-
%\ plitude G(0) is plotted as a function of the rel-
04 ative background level given by /N where
N is the number of fluorescent particles in the
0.2 . . .
N detection volume and/y is the background in
0 R s s equivalent numbers of molecules.
0 1 2 3 4 5

Ng/N

volumes, itis more convenient to define the number of in-focus molecul¥sad /G(0)
which is then related to the effective detection volumie) by

(J p(r) d*r)”

N=(C)~————" fp d3r , (4.15)
which is easily derived from Eqs4() and @.9 by settingr = 0. This equation em-
phasizes that the number of molecules in the detection voh\irdees not depend on the
laser intensity or on the specific brightness of the fluorophore. This important charactistic
of FCS should be kept in mind.

Finally, it must be noted that the derivation thus far has been based on a purely fluo-
rescent signal in the absence of any background contributions. In reality, however, several
sources of background are ubiquitous, the most common of which are detector dark counts
as well as Raman and Rayleigh scatttering. If the fluorescence signal is contaminated with
significant amounts of such uncorrelated background, the zero-time amplitGdés no
longer proportional td /N but is rather given by1[1§]

N

(4.16)
where Ny is the equivalent number of molecules accounting for the background count
rate. This relationship is plotted in Fig.2and emphasizes the necessity to optimize any
FCS setup for as little background as possible.

4.3.2 Theory of Fluorescence Intensity Distribution Analysis

Apart from the correlation approach persued in FCS, the fluorescence fluctuations can al-
ternatively be analyzed in terms of the photon counting histogram which is generated from
the number of photocounts detected within consecutive, constant time intervals. While
several other formalisms for the analysis have been propdsgd.1(, the approach
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of fluorescence intensity distribution analysis (FIDA) introducedkegk [13, 119 is
adopted here and is briefly summarized in the following.

Unlike FCS, FIDA does not gather information from the intensity fluctuations re-
sulting from dynamic processes but rather from the differences in brightness of different
coexisting species or molecular populations. Thus, it characterizes the momentary state
of a system instead of its temporal evolution (even though, of course, processes which
are slower than the counting interval and which result in brightness changes of the in-
volved species can be investigated.) As to the prerequisites of FIDA, an ideal solution is
assumed, that is, the particle locations are uncorrelated and are Poisson distributed as is
the number of photon counts per molecule and unit time. Further, the emission from a
fluorophore located at positionis assumed as a product of the specific particle bright-
NesSq = 0aus ga Gaer @Nd the effective PSk(r). In FIDA, this product is commonly
termed the spatial brightness function. Consequently, because no temporal dependence
of the emission intensity is included, effects like triplet formation and saturation are ne-
glected. For the same reason, the photon counting interval must be kept short compared
to diffusional transit time of the particles. (Commonly, with diffusion times on the order
of ~80 us, counting intervals of 20-40s are used.) Based on these assumptions, the
photon counting histogram can be derived theoretically.

To begin with, the exact shape of the brightness funggtior) is disregarded, and the
formalism is developed for discrete volume elemehis in which the focal intensity;
is assumed to be constant. The probability of detectinpotocounts originating from
one such volume element is given by the following sum:

n) =3 Plm)Plnfm). (4.17)

m=0

Here, P(m) is the probability of findingn molecules in the volume element, aR¢n|m)

is the conditional probability that photons are detected during the dwell tidyé pro-
vided thatm molecules are insidAV;. The sum accounts for the fact thatl, 2, ... o
molecules may be present. Both the number of moleculesd the number of photo-
counts detected fromn molecules are assumed to be Poisson distributed with the mean
values given byim) = ¢ AV; and(n|m) = mgqp;At, respectively, where is the particle
concentration. Hence,

i cAV ocav: (MAPAD)" o e (4.18)

n!
m=0

Is a double Poisson distribution. Now, to account for the inhomogenously illuminated
detection volumé/, assume thdt is composed of two subvolumeésl; andAV; at first.
While the sum of detected photons in both volumes has to be constant, the counts may be
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partitioned arbitrarily among the two subvolumes. Thus,

P(n) = Zpl(il)P2(n —i1) =P QP
The subvolumes may again be split up and the probability distributions of the subvolumes
be replaced with expressions as above. By recursively repeating this procedure, the gen-
eral expression for an inifite number of volume elements is obtained which is the serial
convolution of the individual probability distribution:

P(n) =Y ] Pilis)s <n—Zil> =P ORoP®... (4.19)
{is} 7 !

After insertion of the individualP; from Eq. @.18), this equation yields the theoretical

expression for the photon counting histogram. However, in this form it is unsuable for

fitting purposes because the (infinite number of) convolutions cannot be carried out nu-

merically. However, the equation can be transformed into a closed expression by using the

mathematical tool oflenerating functionsin general, the generating function Bf(n) is

simply defined as

Gi(§) =) Pi(n)¢™. (4.20)
n=0

where¢ is a complex number. It should be noted that the generating functions are a purely
mathematical construct which have no physical representation. Howeyés, riéstricted

to the complex unit circle, i.& — exp(—i¢), then theG;(¢) is the Fourier series of the
probability distribution, andP(n) can be unambigously reconstructed fréy) by a
simple Fourier transform:

P(n) = % / G(¢p)e "dg. (4.21)

The advantage of using generating functions to express the total probability distribution is
that, according to the convolution theorem, it converts the serial convolutions cf.Ef). (
into a product:

G =[] Gi©. (4.22)

The derivation of the explicit expression f6i(¢) is straightforward and is carried out in
two steps. First, the double Poisson distribution of Bdl is inserted into the definition
of the generating function, Eg4.20:

Gz(é) _ e—cAVi Z (C ﬁn‘?)me—mqut Z [mgquAt]n (423)

n!

= exp [c AV (e(g_l)qpim — 1)} . (4.24)
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Here, the substitutio} , z"/n! = e* has been applied twice. Second, the generating
function for the whole volume is obtained by inserting thg¢) into Eq. @.22

G(€) = exp <CZ [e€DarTr _ 1] AV;) . (4.25)
Because the background signal is also Poisson distributed, it is easily included into the
formula by extending the product of Ect.R2) by a factorGy, (&) = exp [pupg At(€ — 1)]

which is the generating function of the Poissonian background with the meanpglue
Finally, taking the limit asAV — dV and replacing the summation by an integration,
one arrives at:

G(&) =exp | (§ — 1)t +c / [e€Dadtr(r) _ 1] qv | . (4.26)
\%

(An extension to multiple different species is easily incorporated into the expression by
inserting a summation over all species.) This closed form of the generating function al-
lows to calculateP(n) by numerical integration over the volunig followed by a fast
Fourier transform. Least squares fitting or, if the signal intensities are low, the maximum-
likelihood criterion may be used to find the optimal values for the parametand g to
reproduce the experimental data. Thus, just as FCS, FIDA provides the particle concen-
tration but, in addition, it also gives the specific brightness of each species.

Remains the question how to represent the brightness distrigytignBesides being
computationally expensive to evaluate, the integral over a three-dimensional Gaussian
profile has been shown to yield poor fits to experimental photon counting histograms
[120. However, a much more flexible formalism can be derived by establishing a rela-
tionship between the volunié and the brightness profilgr). By settingu = — Inp(r),
one can show that, for a 3D Gaussian profile,

dv < Vu. (4.27)
du

Thus, the three-dimensional spatial integration can be replaced by the one-dimensional
integration over the surfaces of constant brightness which is much faster to perform. Fur-
thermore, Eq.4.27) can be easily modified to account for deviations from the Gaussian
profile. It has been found empirically that the approach

d
d_V o (14 Agu + Ayu®)u (4.28)
u

is particularly suited to describe the brightness profile in a confocal setup. The free pa-
rametersd,, A, and A, are chosen to optimally accommodate the experimental data. For
Ag = A; = 0and A, = 0.5, the above expression is equivalent to E52(), but it has
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been found that parameter valuestf~ —0.4, A; ~ 0.1 and A, = 1 usually yield the

best fits L19. Once again, it is emphasized that E4.298 is adopted solely for its good
match between the experimental histogram and the fitted ca2@ &nd that it has no
further physical motivation.

4.4 The STED-FCS Concept

As has been demonstrated in S&ct and previous work on STED microscopy, stimu-
lated emission depletion offers an attractive approach to reduce the focal spot size in one
or more directions. Unlike the other volume reduction methods described in4S2ct.

it has the appealing advantage that the diffusion is not affected by any mechanical con-
straints. Its applicability to FCS is examined theoretically and experimentally in the sub-
sequent sections.

In order to produce a reduced focal volume using the STED technique, it is crucial
that the intensity distribution of the STED focus feature a zero-intensity minimum at the
center (such that fluorescence is not quenched there) but high intensity in the focal pe-
riphery to achieve complete fluorescence depression. Several means to achieve such an
intensity distribution are conceivable and have been introduced in 58¢%9, 86]. In
this chapter, the three phasefilters shown in Eig(top) are evaluated for their suitability
in STED-FCS experiments. The planar wavefront incident on the phasefilters is retarded
by 7 (or have a wavelength) in the gray shaded regions but is unaffected elsewhere. The
focal intensity distributions which arise upon focusing these modulated wavefronts were
calculated using Eq.1(11). Lateral and axial sections through the resulting PSFs are
shown in Fig.4.3, middle and bottom, respectively. As required, all STED foci share a
(near) zero-intensity minimum at the center and laterally and/ or axially displaced inten-
sity maxima.

To derive the effective detection volumes which result from these STED intensity
distributions, one has to consider that the STED efficiency depends nonlinearly on the
applied intensity T2, 73]. As was shown in SecB.2, to a good approximation this de-
pendence can be modeled by a monoexponential function:

Fsrep(r) —osrED h ks
(r) = o) — @~ osTED hsTED(T) (4.29)
wheren(r) is the fluorescence depletion factor at positioand F,(7), Fstep(r) denote
the fluorescence intensities originating at positton the absence and presence of STED,
respectively.ostgp is the stimulated emission cross section agggp(r) is the STED
PSF given in photons per unit area and time. In order to calculate the effective PSFs
he (), the image formation Eq1(10 for the STED microscope is used:

heff(r) = n(r)hexc(r) [hdet(r) ® O(T‘)] :
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Fig. 4.3 Phasefilters and resulting STED foci (calculation). The top row shows the phasefilters
investigated for STED-FCS. Gray regions indicate a phase shiff bé. half a wavelength. The
middle and the bottom rows show lateral and axial sections through the resulting PSFs, respec-
tively; z, y andz polarization components have been added up. The gray dotted lines indicate the
respective orthogonal section. All resulting STED-PSFs feature a (near) zero-intensity minimum
at the origin but show axially (type I) and/ or laterally (type 1l & IIl) displaced intensity maxima.
The simulation parameters were chosen to match the experimental conditigns; = 790 nm,

NA = 1.2, n = 1.33, linearly (z-polarized) incident light.

whereh...(7), haet (1) are the excitation and detection PSFs ag) is the pinhole func-
tion (see 1.8)). The process of image formation is illustrated in gl To the left, the
combined excitation and detection PSFs are shown which were calculated usitdlBq. (
followed by convolution with the pinhole function. The fluorescence reduction maps
shown in the center were derived from the STED PSFs @#i§. by substituting them
for hsrep(r) into Eq. @.29. The effective PSF&.(r) are then obtained by simple
multiplication (Fig.4.4, right). In order to be able to compare the three phasefilters, all
calculations were done using the same incident optical power which was equal to a peak
intensity of 1 GW cm? of the regular STED focus without a phasefilter.

As can be expected from the STED intensity distributions, the type | phasefilter (Fig.
4.4, top) mainly reduces the PSF along the axial direction and only at high STED powers
leads to a lateral volume reduction. As a result, a near-spherical effective sample vol-
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ume is achieved. On the contrary, the type Il phasefilter (middle) substantially constricts

Phase- Fluorescence .
filter Confocal PSF Reduction Map Effective PSF
hexc(r) [ hget(r) ® ofr) ] n(r) hegt(r)

—_—y

Type | @

1um

Type Il @

1um

Type ll (1)
-

1um

x k] X .. = )
[ el

0

Fig. 4.4 Comparison of the effective detection volumes resulting from the use of phasefilters type
I through type Ill. The excitation/ detection PSFs were calculated based on the following parame-
ters: Aexc = 585 NM, Aget = 680 Nm, pinhole diameted = 62.5 um, ogrrp = 0.5 x 10716 cn?.

The optical STED power was identical in all cases and corresponds to a peak intensity of

1 GW cnt? of the regular STED focus (without a phasefilter). All other parameters were used as
stated in the caption of Fid..3.

one lateral dimension (the one perpendicular to the polarization of the STED laser) but
leaves the other dimensions mostly unaffected. Just as type Il, the type Il phasefilter
(bottom) induces a (mostly one-dimensional) lateral constriction but has no effect along
the z axis. It also suffers from some residugl golarized) STED intensity in the cen-

ter which amounts te-4% of the peak maximum. While the symmetry of the intensity
distribution in the type 1ll case can be improved by using circularly polarized light, the
residual intensity in the center remains the same.

To evaluate the different phasefilters for their suitability for STED-FCS, the volume
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reductions and structural changes of the effective detection volume as a function of STED
power are now analyzed in a (semi)quantitative way. From the sections id.Eigten-

sity profiles along the:, y and z axes were extracted and fitted with Gaussian functions
which proved to be an appropriate model except foratltrection of type Il (and, to a
lesser extent, the direction of type I). From the determined parametersw, andw.,

the effective focal volume$” and structure parametefs, , were calculated for phase-
filters | and Il according td/ = 73/?w,w,w, and K, , = w,/w,,,, see Fig4.5 From
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Fig. 4.6 STED-FCS curves calculated on the basis of the previously determined effective focal
spot sizes and for a constant concentration. As the STED peak intensity increases from 0 to
2 GW cn12, the amplitudes increase and the diffusion times decrease. To better visualize the
reduction of the diffusion times, the insets show the same set of FCS curves normalized to unity.

this plot, it can be seen that the type | phasefilter is superior to the other types. For a
given STED power, it attains the most significant volume reduction, in this example up to
10fold. Under identical conditions, the type Il phasefilter only achieves a 5fold volume
decrease. However, the circular (type I) phasefilter has another significant advantage over
the other types which is the focal shape as is illustrated by the evolution of the structure
parameters at increasing STED powers. By comparing4tg) and b), one recognizes
that the structure parameters of the circular phasefilter converge towards unity, that is, the
focal volume approaches a spherical geometry. On the other hand, the structure parameter
K, of the type Il phasefilter steadily increases while remains constant, indicating a
highly anisotropic focus. However, a spherical detection volume (where w, ~ z)
is highly desirable in FCS experiments because it reduces the number of diffusion times
to be fitted to a single one. Even worse, by using phaseplate I, the approximate sym-
metry in thex andy directions is broken resulting in three disctinct diffusion times:
e = wy2/4D =~ 5 us, m, = w,*/4D ~ 0.2 us andmp, = zy°/4D ~ 330 us
(for D = 2.5 x 107° cm? s7!). These diffusion times span more than three orders of
magnitude which are not available to study photophysical processes like e.g. triplet for-
mation.

Using the previously determined effective focal sizes (Hidp), FCS curves at a
fixed concentration for the type | and type Il phaseplates were calculated on the basis
of Eqg. @4.149, see Fig4.6. As expected, the reduction in focal volume with increasing
STED power is accompanied by a shortening of the diffusion times and by an increase in
the curves’ amplitudes which is due to that fact that the average number of molecules in
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the focus becomes smaller. It is also seen that the FCS curves with the type Il phaseplate
are rather slanted than shifted towards shorter lag times as the STED intensity increases
which hides processes occuring on the same timescale.

Both because of the most pronounced volume reduction effect, the increasingly iso-
tropic effective volume and the true zero STED intensity in the center of the focus, the
circular (type 1) phaseplate appears to be the phaseplate of choice for FCS applications.
However, it must be noted that, while the focal volume may be theoretically reduced arbi-
trarily by increasing the STED intensity, the minimal focal size is constrained intrinsically
by the correlation method itself. In order to generate correlated fluorescence emission, at
least two photons have to be detected from a single fluorophore within the molecule’s res-
idence time in the focal volume. Unless a solid sample with fixed molecules is used, this
residence time is limited by diffusion. From the molecule’s viewpoint, the ultimate limit
for emitting two subsequent photons is set by the fluorescence lifetime (which, however,
is rather of theoretical than experimental relevance). In practice, the repetition rate of the
laser system and the excitation and detection efficiencies are the restricting parameters.
Assume, for example, that the probability to detect a photon after an excitation pulse is
2% (based on a 40% excitation and a 5% detection probability). Then, at a repetition
rate of 76 MHz, every 660 ns a photon is detected on average. Taking this number as
the required residence time of a molecule in the detection volume, the minimal required
dimensions can be estimated to YD ~ 80 nm which is well above the attainable
resolution in a STED microscope.

4.5 Experimentals

4.5.1 Setup Modifications

For the STED-FCS experiments, the setup was modified both to improve the signal-to-
noise ratio and to simplify the aligning procedures. First, the grating-based pulse stretch-
ers were removed from the setup and were replaced by a pulse stretching scheme exploit-
ing the group velocity dispersion (GVD) in optical fibers. The pulses from the Ti:Sapphire
laser were pre-stretched by guiding them through 19 cm of SF6 glass and were then fo-
cused into a polarization-preserving optical singlemode fiber (100 m, FS-LS-4616, Thor-
labs GmbH, Karlsfeld, Germany) to give pulses of 85-140 ps length (depending on the
applied power). Likewise, the OPO pulses were pre-stretched and were coupled into a
polarization maintaining singlemode fiber (8 m, PointSource, Southampton, UK) to yield
pulses of 6-8 ps length. By using optical fibers, not only the setup alignment was greatly
simplified but also the overall light losses were significantly reduced because additional
spatial filtration of the laser beams became unnecessary.

For the FCS experiments, the oxazine dye MR 121 was used because of its better water
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compatibility compared to JA 26. Optimal STED condititions were found at wavelengths
between 785 nm and 790 nm resulting in an excitation wavelength of approx. 565 nm
provided by the OPO. Unfortunately, at this wavelength, the water Raman band between
3200 and 3500 cmt [121] arises between 695 nm and 710 nm which is within the fluo-
rescence detection window. To overcome this complication, the nonlinear KTP crystal
inside the OPO was exchanged for an RTP crystal which, at the same pump wavelength,
provided pulses at 585 nm. In addition to moving the Raman band outside the detection
range, this measure shifted the excitation wavelength towards the absorption maximum
of MR 121 which is beneficial in terms of required excitation power and, presumably,
photobleaching.

The correlation curves were directly obtained by connecting the APD to a digital
hardware correlator (ALV 6000, ALV GmbH, Langen, Germany). Alternatively, raw
photon counting traces were acquired by operating the TCSPC electronics in the FIFO
mode which allowed to store the microscopic and macroscopic photon arrival times for
later processing in software.

The detection efficiency was optimized by replacing all mirrors in the detection path
with highly reflective dielectric broadband mirrorg (~ 99% for s- andp-polarization,
MaxMirror™, Semrock, Inc., Rochester, NY, USA). The oil-immersion objective lens
used in the previous experiments was replaced with a water immersion lens (HCX PL
APO 63x/1.20W CORR CS, Leica Microsystems, Wetzlar, Germany) to be used without
a coverslip. The adoption of this lens guaranteed that no effects like adsorption/ des-
orption or diffusion constraints due to a surface close to the detection volume disturbed
the FCS measurements, and it also removed the occurence of varying aberrations due to
different coverslip thicknesses which may result in inferior STED PSFs.

The phase retardation filters for shaping the STED PSF were manufactured by evap-
orating cryolite (sodium hexafluoroaluminate, R, n79o = 1.33) onto flat glass sub-
strates covered by an appropriately shaped aluminum mask. For the circular (type 1)
phasefilter, optimal PSFs were found using a diameter of 5.0 mm and a thickness of
~ 1180 nm. The phasefilter was placed into the expanded STED beam and was centered
by scanning gold nanobeads in reflectance mode until a satisfactory PSF was obtained.
The scanning of the PSF was initially challenged by a strong background due to the re-
flection of the laser at the water-glass interface. In order to minimize this reflection, the
coverslips were coated with a transparent fluoropolymer (CY@OMW ~ 100000, 9%
wt solution in perfluorobutylamine, #53,357-2, Sigma-Aldrich Chemie GmbH, Miinchen,
Germany) prior to adhering the gold beads. Because this fluoropolymer has an excep-
tionally low refractive index 5y = 1.34) which is close to that of water, virtually all
background was eliminated.
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c) STED Pulse Delay
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Fig. 4.7. Spatial and temporal PSF alignment using the circular (type 1) phasefilter. a), b) The
excitation laser is focused to a diffraction-limited spot (center) while the STED-PSF displays a
central minimum and two axially offset main intensity maxima. To show more detail, the color

tables are logarithmic. c) The delay of the STED pulse was adjusted to provide maximal STED
efficiency (arrow, measured in a bulk solution of MR 121 in water).

45.2 STED-FCS Measurements

The excitation focus was aligned to coincide with the central minimum of the STED PSF

which was verified by scanning a gold bead alternately with the excitation and STED

lasers in reflectance mode (F#y7a, b). The temporal adjustment of the laser pulses was

done by monitoring the fluorescence of a bulk solution of MR 121 in water while the

optical delay of the STED pulses was scanned on a 800 ps rangé (Fig. The delay at

the minimum of the fluorescence curve was adopted for the STED-FCS measurements.
Using this alignment, autocorrelation curves were acquired erb@ nM solution

of MR 121 in water. Initially, a reference FCS curve was acquired with the STED

beam blocked (Fig4.8a). Excitation was performed at an average power ofu8%

The measured curve was fitted with the three-dimensional diffusion modelBgg(

which reproduces the experimental data extremely well. In particular, no triplet buildup

is observed which would cause a second decay component in the FCS curve on the mi-

crosecond timescal&4]. From the diffusion times determined by the fit, the structure

parametels’ = zo/wy = \/7p,./Tb 4y IS Calculated to be 3.8 which is a typical value for

a confocal detection volume. While keeping the dye concentration constant, the STED
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Fig. 4.8 (STED-)FCS curves measured in MR 121/ watebQ nM). a) Reference FCS curve
(black) without STED and the fit (red) with the three-dimensional diffusion model. b) STED-FCS
curves acquired at increasing STED laser powers (type | phasefilter).

laser was unblocked and FCS curves were acquired at increasing STED intensities, that
is, at decreasing detection volumes (Fgb). The highest average laser power applied
was 38 mW. Without fitting the data, two important results can be found just by visual in-
spection of the set of curves. The most pronounced effect is the decrease in the correlation
amplitude as the STED intensity is raised. This finding obviously violates the theoretical
predictions according to which the amplitude is to increase upon a reduction of the de-
tection volume and, accordingly, the particle number (see4&). On the contrary, the
diffusional transit times through the focus become smaller with increasing STED intensity
as is indicated by the shift of the autocorrelation curves towards lower lag times.

As for the reference FCS curve, the acquired STED-FCS curves were quantitatively
analyzed by fitting them with the three-dimensional diffusion model £44@. Both the
axial and, to a lesser extent and mainly at high intensities, the lateral dimensions of the
effective detection volume are reduced when the STED power is increased, so both the
lateral and the axial diffusion times should be optimized separately in each fit. However,
because the count rates per molecule were relatively low from the beginning and even
worsened as the STED intensity increased, the signal-to-noise ratio of the curves did not
permit the indepedent determination of both parameters. Therefore, the lateral diffusion
time m, ,,, was taken from the reference measurement and was fixed in all other fits. The
resulting axial diffusion times, the numbers of molecules in the focal volume, the total
count rates and the count rates per molecule (as determined from the quotient of the latter
two parameters) are shown in Fig9.

As was already discerned qualitatively, the axial diffusion tifge shows a decrease
which is particularly pronounced at low STED powers but reaches a plateau levekof 6
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Fig. 4.9 STED-FCS fitting results. a) Axial diffusion timaj and number of moleculed@) in
the detection volume, b) total count ras &nd count rate per molecule)(

at about 10 mW average power. The decrease by a factor of four points to an approxi-
mately twofold reduction of the axial extent of effective detection volume. In fact, above

10 mW STED power, a slight increase in the diffusion time may be identified possible
origins of which are discussed below. Unlike the diffusion times which indicate a volume
reduction, the (apparently) increasing number of molecules as determined frem-the
correlation amplitude suggests an unexpexted growth of the detection volume. The main
guestion that needs to be addressed to resolve this conflict is whether the decrease in the
correlation amplitude results from a real increase in the number of in-focus molecules or

if itis caused by some kind of uncorrelated background signal which lowers the amplitude
according to Eq.4.16).

To explain a true increase in the particle number, two possible mechanisms are con-
ceivable. First, besides stimulated emission, the STED pulse may also induce excitation
of relaxed dye molecules either by two-photon or by single-photon anti-Stokes absorption
resulting in an enlarged net excitation volume. However, this trivial cause was excluded
by checking the emission of an MR 121 solution upon irradiation with the STED laser
only. Even at the highest applied STED powers, the detected count rate was only slightly
above the background level (< 400 Hz) which is negligible compared to the total count
rate of 85—-165 kHz. Yet another excitation mode would be two-photon, two-color excita-
tion where one photon is provided by each laser pulse. While improbable due to the little
spatial overlap of the two foci, it should also be noticeable as a peak around zero delay in
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the STED pulse delay scan of Fi.7c, which is not observed. Hence, a direct increase
of the excitation volume due to spurious excitation effects can be excluded.

The second mechanism possibly responsible for an increase in the particle number
is the optical tweezer effect which is a result of gradient forces that dielectric particles
experience in a laser focus. While the trapping of micrometer-sized particles in a tightly
focused near-infrared laser beam is a well-established techni@@el23, the polariz-
ability of a single molecule is generally considered to be insufficient to allow for its trap-
ping. However, biased diffusion has been observed in correlation experim@aid P9
in near-resonant one-photon excitation mode but not in two-photon absorption experi-
ments, i.e. in the near-infrared region. Because the focal intensity used in the STED-FCS
experiments is by a factor of 10—-100 higher than commonly used for excitation, the pos-
sibility of dye accumulation in the focus due to constrained diffusion was nevertheless
checked. The experiment was performed by removing the phase retardation filter from
the expanded STED beam and by spatially superimposing both laser foci. Furthermore,
the pulse order was reversed, that is, the STED pulsed arrived approx. p&fopsthe
excitation pulse (see Fig.10a). By adopting this scheme, hardly any stimulated emis-
sion depletion is afforded because, at the time when the STED pulse arrives, virtually all
fluorescence has already been emitted. On the other hand, the reversed pulse order should
not affect possible trapping effects because, in this regard, the laser’s repetition rate of
76 MHz acts as a quasi-continuous source. Using this setting, a sequence of autocorrela-
tion curves with increasing STED laser power was acquired. Curve fitting was conducted
as outlined above and yielded the parameters plotted indFlgb. As is demonstrated
by these curves, no dye accumulation in the focal volume occurs. The diffusion time
remains at a constant value of 28 throughout the whole range of STED powers. The
discontinuity observed in the plot of the molecule number versus STED power is due to
a temporal drift during the measurements which were started with a series ranging from
4 mW to 19 mW and were completed with the low-power measurements afterwards. The
drift is attributed to a decrease of the bulk concentration as a result of dye adsorption on
the objective lens’ surface. Furthermore, the count rate per molecule remained remark-
ably constant, that is, to within 1% (data not shown). Given these unambiguous results,
the hypothesis of a real increase in the number of molecules must be discarded.

To follow up on the decrease of the autocorrelation amplitude, a contribution of un-
correlated background signal must now be taken into account. This background may
consist of scattered or stray light, but it may also originate from a second population of
fluorescent molecules. These may have a different (and probably lower) specific bright-
ness which does not suffice to contribute a clearly distinguishable component to the FCS
curve. Rather, such a population would act as an uncorrelated background signal which
lowers the correlation amplitude. As was pointed out in the theoretical considerations at
the beginning of this chapter, FCS is not capable to differentiate between populations of



CHAPTER 4. FLUCTUATION SPECTROSCOPY IN REDUCED VOLUMES 68

Fluorescence Intensity / a.u.

—400 -300 —200 —100 0 100 200 300 400
STED Pulse Delay / ps

n
o
1

e N
Diffusion Time

g ord 1
15 1 er of measurements - 1.25

e - .
— B —a—p

e, —

10 # of Molecules

Diffusion Time / us
# of Molecules

0 — T T T T T T T T T T T T T T T T 10
0 2 4 6 8 10 12 14 16 18 20
Average STED Power / mW

Fig. 4.10 STED-FCS using a reversed pulse order. a) The STED pulse delay was adjusted to
—250 ps such that the STED pulse preceded the excitation pulse. b) The number of molecules in
the detection volumel) and the axial diffusion time.) plotted as a function of average STED
power. While the diffusion time remains constant, the number of molecules shows a temporal
drift which is attributed to a decrease in the bulk concentration due to adsoprtion of the dye on the
surfaces.

different brightness, so the further analysis has to draw on different techniques.

4.5.3 Analysis of the TCSPC Histogram

As a first step towards the identification of the background contribution, the detected sig-
nal was analyzed in terms of the time-correlated single-photon counting histogvam [
which allows to discriminate scattered light from fluorescence on the basis of their re-
spective emission timescales. While fluorescence is emitted in a few nanoseconds, both
Raman and Rayleigh scattering occur quasi instantaneously. Thus, any scattering should
disclose itself as narrow peak on top of the exponential fluorescence decay curve whose
width is only determined by the system’s impulse response function and the laser pulse
lengths. Of course, two populations with identical lifetimes (i.e. two fluorescent popula-
tions which differ only in their specific brightness) cannot be separated by TCSPC.

The TCSPC histograms were acquired in a dilute solution of MR 121 for a series of
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Fig. 4.11 a) Two-dimensional plot of the time-resolved fluorescence emission (horizontal axis) at
increasing STED pulse delays (vertical axis). The pulses shown in the overlay indicate the timing
of the fixed excitation pulse (green) and the moving STED pulse (red, timing not drawn to scale).
b) At the maximum STED efficiency the TCSPC histogram shows only a single decay component.

STED pulse delays in the range from —250 ps to 500 ps which were set using the opti-
cal delay line. Here, negative numbers indicate that the STED pulse arrives before the
excitation pulse. For this experiment, the APD was connected to the SPC-830 TCSPC
electronics board. Figuré 11a shows a two-dimensional plot of the time-resolved fluo-
rescence emission (horizontal axis) at increasing STED pulse delays (vertical axis), that
is, each horizontal line corresponds to a TCSPC histogram for one particular delay. From
Fig. 4.11a, the optimal pulse timing was determined by summing up the intensity in the
horizontal direction and finding the delay at which the integrated signal features a min-
imum. The histogram extracted at this delay (arbitrarily defined as zero) is plotted in
Fig. 4.11b on a semilogarithmic scale which nicely demonstrates that only a single ex-
ponential component is present in the decay. By least-squares fitting the characteristic
time constant was determined to be 1.8 ns which is the common value for the lifetime of
MR 121 in water. Hence, scattering can be excluded as the source of background in the
FCS curves.

4.5.4 Analysis of the FIDA Histogram

As the previous sections have shown, the background contribution responsible for the
lowering of the amplitude of the autocorrelation curve cannot be differentiated from the
wanted signal by its dynamic behavior only. On the one hand, it obviously does not con-
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tribute sufficiently to the signal in order to appear as a separate decay component in the
FCS curve and, on the other hand, it does not disclose itself with a characteristic lifetime
in the TCSPC histogram. As has been discussed in the theoretical introduction of the
various fluorescence fluctuation methods (Sé@), the analysis of the fluorescence in-
tensity distribution (FIDA) allows to identify subpopulations on the basis of their different
specific brightness. This approach is pursued next.

To analyze the photon counting histograms, the measurements described h552ct.
were essentially repeated with the main difference being the data processing. Unlike
above, where the autocorrelation curve was calculated in hardware in real time, the APD
detector was connected to the SPC-830 TCSPC board which was used in its FIFO mode.
Thus, the photon counts were not processed immediately but were stored as raw data
with their microscopic and macroscopic arrival times which refer to the start of the mea-
surement and to the subsequent laser pulse, respectively. For each STED power set-
ting in the range between 0 and 36 mW, a total of 256,000 photocounts were acquired
within 20-50 s and were stored yielding data files of 100 MB each. From the raw data
traces, FIDA histograms were generated by binning the counts into subsequent channels
of 40 us width and histogramming the counts per channel. Two exemplary FIDA his-
tograms obtained from the runs without STED and at the highest STED power are shown
in Fig. 4.12a. As is expected for a Poisson distributed random variable, the histogram
for the run at high power is significantly narrower due to the lower average count rate.
All acquired FIDA histograms were fitted using the 1D-FIDA++ method of S ++
Analyzesoftware package (Version 1.2.5d, Evotec OAl AG, Hamburg, Germany). Best
results were obtained when the background contribuiignthe concentratio; and
the specific brightnes9, were optimized while the other parameters were kept fixed at
Ag = —0.7, Ay = 0.14 and A, = 1.5. Strictly speaking, the bin width of 40s is too
long to conform with the FIDA prerequisites, but the signal to noise level of the data did
not allow to further narrow the bins. Therefore, the particle numbers determined by FIDA
may be slightly underestimated. The parameters determined in the fitting procedure are
plotted in Fig.4.12 as a function of average STED power. As can be seen from these
results, the FIDA analysis is in fact able to discriminate the background as a separate
population. Unlike in the previous FCS analysis, the number of molecules in the focal
volume is found to decrease by a factor of four with increasing STED power and reaches
a plateau level at approx. 10 mW. At the same time, the background contribution rises
about 5fold approaching saturation at the same power value.

Because the FIDA analysis directly provides the relative background contribution, it
can be used to correct the particle numbers as determined from the zero-time autocorrela-
tion amplitude. Using the expression for the FCS amplitude in the presence of background
signal [Eq. é.16)], one can set up the following equality to derive a correction factor for
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the particle number:

1_ LZ (4.30)

N (No+ Ng)
Here, N is the apparent number of molecules given by the inverse of the zero-time au-
tocorrelation amplitudelV, is the true number of molecules in the detection volume and
Npg is the background in equivalent numbers of molecules. Considering that the relative
backgroundB, is given by

Ly Ng

Bre:_:—a
""" L  No+ N

(4.31)

Eq. @.30 can be solved to give the following correction for the particle number:
No=N(1— Bu)>. (4.32)

The effect of this correction is demonstrated in Fgl3 which shows a series of
STED-FCS measurements at increasing average STED powers. As has already been seen
before, the axial diffusion time decreases (a) while, at the same time, the apparent number
of particles goes up (b). However, if the correctigh3? is applied with the relative
background determined by a FIDA analysis, the increase is turned into a 7fold decrease in
the particle number, just as is expected for a shrinking effective focus. It is instructive to
compare the volume reduction as determined from the diffusion times with that obtained
from the decrease in the particle numbers. For this comparison, the detection volumes
have been inferred from the axial diffusion times accordiny ta /7 . and have been
normalized to the initial value without STED. Likewise, the corrected particle numbers
have been referenced to the initial value. Both series are plotted id Bigand, unlike
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detection volume as determined from the axial diffusion timag (A) and from the corrected
particle numersh).
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before, now show a remarkable agreement in their evolution at increasing STED powers.
While the FIDA analysis cannot shed light on the origin of the background signal present

in the measurements, it has clearly confirmed its existence and has proven its suitability
to correct the FCS results.

4.6 Discussion

The experiments presented in this chapter have shown that the implementation of a STED-
based approach to reduced focal volumes in fluorescence fluctuation spectroscopy is chal-
lenged by a significant background contribution which has been identified in the FIDA
analysis but seriously lowers the FCS amplitude. Unfortunately, the background counter-
acts the beneficial effect of the volume reduction.

Currently, two explanations seem plausible to explain the origin of the background
contribution, one being optical and one spectroscopic by nature. To illustrate the pre-
sumed optical effect, it is once again referred to Higl, top. In this map of the fluo-
rescence depletion efficiency, two minima laterally offset of each main maximum can be
identified where fluorescence is still appreciably excited but is not efficiently quenched.
In the effective PSF, these regions appear as a weak additional cloverleaf-like structure on
top of the central main maximum. Presumably, the fluorescence contributions from these
regions are too weak to form a separate component in the FCS curve but may rather act
as an uncorrelated background as was already suspected above. Alternatively, the attain-
able local STED efficiency may be limited to well below 100% for spectroscopic (and yet
unidentified) reasons or because of imperfect experimental conditions. One conceivable
mechanism that could explain a low STED efficiency is the rotation of the molecules in
solution which, because of photoselection, may detract some fraction of the molecules
from being depleted. However, to quantitatively assess the impact of rotational diffusion
on the STED efficiency, very detailed dynamic simulations would have to be performed.
Irrespective of the underlying mechanism, incomplete fluorescence depletion leaves some
residual fluorescence which forms a flat but broad base which is underlying the sharply
localized focus. As before, the comparatively delocalized fluorescence emission may act
as an uncorrelated background signal. Unfortunately, it is virtually impossible to separate
the two effects experimentally due to the inevitable averaging across the focal intensity
distribution. In fact, both effects may occur concurrently.

While, currently, the background contribution cannot be experimentally excluded, a
combination of several techniques of statistical analysis has been succesfully applied to
unravel the reduction of the effective focal volume. Even if future developments in data
analysis, in particular in multidimensional and global analysis techniques, will possibly
allow to correct for background contributions on a routine basis, some experimental key
parameters have to be futher optimized. This particularly holds for the count rate per
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molecule which has been at the very limit of practicability. This parameter becomes in-
creasingly important as the focal volume decreases because only photon emissions from
the same molecule contribute to the FCS curve. Given the count rate of 100-150 kHz per
molecule typically achieved in standard FCS experiments, some range is left for improve-
ment.



Chapter 5

Conclusion and Outlook

In this thesis, the concept of stimulated emission depletion has been successfuly intro-
duced into the field of single-molecule fluorescence spectroscopy. Probing and control-
ling the population of the excited state allows tangible information to be obtained that
has been difficult or impossible to access so far in the ensemble and even on the single
molecule level.

As a proof of concept, it has been shown that the fluorescence emission can be en-
tirely suppressed by means of stimulated emission depletion. The STED-based on- and
off-switching can be cycled many times without excessively affecting the fluorophore’s
photostability in a detrimental way. Given that the optical intensities applied for STED
are approx. 1000fold higher compared to excitation, this finding is quite remarkable. It
has been further demonstrated that, within the time resolution of the experiment, the flu-
orescence recovers instantly as soon as the STED laser beam is blocked.

As a first application, the optical cross sections of stimulated emission were mea-
sured on isolated JA 26 molecules embedded in a polymer matrix. The determined cross
sections were found to span a wide range of values which was attributed to the random
orientations of the molecules in the matrix. These entail an inhomogeneous STED effi-
ciency due to the photoselection which STED is subject to just as is excitation. While
it was impossible to determine the absolute cross sections of each molecule individually,
a good estimate for the average value was inferred from the largest values measured. It
would be desirable to measure the molecular orientations along with the cross-sectional
values because this additional information would allow to asses the individual absolute
cross sections and, consequently, the influence of the molecular nanoenvironment. While
traditional methods to measure molecular orientations require a significant number of ex-
tra photons (which is incompatible with the cross section measurement), very recently
Hohlbein and Hiibner suggested a new scheme to detect molecular orientaticdt@ [
which is based on the idea that in a high NA configuration, h@olarized emission
components will be found mainly in the peripheral annular ring of the collimated flu-
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orescence beam. By separately detecting the peripheral and the central contributions of
fluorescence, the molecular transition dipole’s can be obtained on-the-fly, a concept which
would well integrate into the presented setup. Combined with a fluorescence excitation
measurement with known detection efficiency, the orientational information would in turn
enable the calculation of individual fluorescence quantum yields and also non-radiative
decay rates. Altogether, the presented method of measuring the absolute cross sections
may well constitute a first step towards the global analysis of fluorescent compounds on
a single molecule level.

The results presented in the chapter on fluorescence fluctuation spectroscopy have
shown that the effective detection volume can indeed be reduced using the STED tech-
nigue. However, a background contribution which has not yet been successfully sup-
pressed annuls the benefit of a reduced focal volume on the autocorrelation amplitude.
While the artifacts introduced by this background can be corrected for by using a com-
plementary analysis of the photon counting histogram, the initial goal to perform FCS at
micromolar concentrations has not yet been fully achieved. Future efforts on this topic
will mainly have to concentrate on the background issue which may be addressed by
developing advanced phase retardation filters which circumvent the shortcomings of the
presently used circular filter, i.e. the mismatch between the excitation and the STED focal
intensity distributions. The use of adaptive optical elements may help to find the opti-
mal shape of the wavefront. Besides this primary challenge, further optimizations are
required to render STED-FCS a turn-key technique. These particularly concern the cur-
rently low count rate per molecule which should be improvable by optimization of the
experimental setup, in particular by replacing the optical filters with filters particularly
optimized for the respective dye. Even the complete removal of any bandpass filters may
be feasible as long as the detector can be protected from damaging amounts of scattered
light. By recording the raw photon count traces, postprocessing techniques such as time
gating R1, 127 or time-resolved FCS128 may be applied to remove background con-
tributions due to scattering. The recent development of a fast algorithm to compute the
autocorrelation functionl29 further facilitates such approaches. In addition, recent and
future extensions of the photon counting histogram analysis technifjigg2D-FIDA,
fluorescence intensity multiple distribution analysis (FIMDA), fluorescence intensity and
lifetime distribution analysis (FILDA)] may eventually allow a single global analysis of
the data.

The field of photonics has recently experienced remarkable advances after the intro-
duction of nanostructured materials with extraordinary optical properties, referred to as
the photonic crystals. In the form of photonic crystal fibelr3( they are already com-
mercially available and allow e.g. the propagation of ultrashort laser pulses devoid of
dispersion. A second application which is becoming increasingly important is the so-
called supercontinuum generatidB[l, 132. This technique exploits the wealth of non-
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linear optical effects which occur upon focusing femtosecond near-infrared laser pulses
into a suitable photonic crystal fiber. As a result, a quasi-homogenous spectrum of new
wavelengths is generated which can span the entire visible range. These supercontinuum
sources are starting to enter the field of microscdi84] where they are used as uni-
versal light sources. Furthermore, they have set off to replace more complex, costly and
bulky laser light sources (like e.g. OPOSs) in spectroscopic applications as well. The field
of STED imaging and fluorescence spectrosopy in the bulk and on single molecules is
expected to benefit from these developments particularly because such supercontinuum
light sources will render the experiments more flexible, instrumentally less complicated
and, last but not least, less costly.
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