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Abstract

Super-resolution far-field fluorescence microscopy (optical nanoscopy) is a mature set of methods
which enable visualization of the nanometer-scale distribution of objects such as organic molecules,
photoswitchable proteins, point-like defects in the diamond lattice, upconversion nanoparticles, semi-
conductor quantum dots, etc. Utilization of internal emitter states in the imaging scheme has made it
possible to create contrast at the nanoscale in conventional lens-based optical imaging systems. Spa-
tial resolutions down to the single nanometer scale have been reported in some cases. Nonetheless,
routine biological experiments, which employ the molecular probes in physiological conditions, are
hampered by photodestructive chemical reactions of fluorophores (photobleaching) which limit signal
levels and the attainable resolution to ~20—50 nm. Substantial effort has been devoted to both finding
more photostable markers and minimizing the light-induced damage by novel experimental strategies.

This thesis is concerned with coordinate-targeted super-resolution microscopy techniques applied
to imaging of common molecular probes and semiconductor heterostructured nanowires at room
temperature. These techniques have already demonstrated single nanometer resolution in far-field
optical microscopy for ultra-stable emitters: namely color-defects in the diamond lattice. Similar
resolution levels have not been reported for standard fluorophores imaged at room temperature.
Therefore, the question arises how to increase the imaging capabilities of super-resolution microscopy
under biologically relevant conditions.

The first aim of this thesis was to gain new insights into the photobleaching of organic dyes under
photon fluxes typically applied in stimulated emission depletion (STED) microscopy. The impact of
STED-light photons on the photobleaching of several organic molecules was studied with the goal to
identify optimal imaging conditions. To this end, an optical system and experimental strategy were
developed to systematically assess the key parameters in STED microscopy: transient de-excitation, ir-
reversible photobleaching and STED-light-induced fluorescence resulting from undesirable excitation
events caused by absorption of the STED-light photons. These parameters determine to what extent
the STED concept works in practice with a specific dye. We varied the STED pulse duration from
0.13 ps to 500 ps and the time-averaged STED power up to 200 mW at 80 MHz repetition rate at the
popular wavelength of 750 nm, examining common fluorescent compounds (ATTO590, STARS80,
ATTOG647N, STAR635P) in bulk experiments in thiodiglycol. The magnitude of photobleaching was
different for different dyes. In general, two characteristic photobleaching regimes at a given STED
pulse energy were found: intensity-dependent (high-order) and intensity-independent (low-order)
bleaching. Surprisingly, for ATTO647N we observed a single effective photobleaching scaling over a
wide range of STED peak powers (~0.1-200 W). Based on this observation, we developed an intuitive
model for this dye which provides a quantitative prediction of the influence of STED-light photons on
the resolution and bleaching. We inferred the spatial distribution of photobleaching probability, the
role of detection time gating and the impact of residual STED intensity at the targeted coordinate on
the resulting image at different STED pulse energies. The dominant bleaching mechanism determines
the optimal STED pulse duration to acquire a super-resolved image with minimal photodamage of the

marker. High-order photobleaching can be efficiently reduced by increasing STED pulse duration up
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to roughly the fluorescence lifetime. For low-order photobleaching, chemical triplet quenchers and
optical strategies allowing dark-state relaxation hold more promise. Overall, this is the first system-
atic study of molecular photobleaching in STED microscopy, aimed at finding the optimal optical
conditions which minimize STED-light-induced damage.

The second project within this thesis investigated the inherent photoluminescence of heterostruc-
tured gallium phosphide—gallium indium phosphide (GaP—GalnP) nanowires (NWs) to improve the
resolution of far-field optical microscopy of these emitters. Due to their small diameter (<100 nm)
but significantly larger length, and their tunable electro-optical properties, semiconductor nanowires
are gaining interest in intra- and extracellular biological research. They hold potential as local probes
of, for example, electric field or forces. Many of these applications require precise localization and
identification of NWs featuring different geometries and surface coatings in a scattering biological en-
vironment. Traditional fluorescence microscopy, while suitable for nanowires and live-cell imaging, is
hampered by limited spatial resolution. We addressed this issue and found that ground state depletion
(GSD) microscopy can resolve heterostructured nanowires with a 5-fold resolution enhancement over
confocal microscopy. This resolution improvement allowed us to image nanowires with diameters
of 20—80 nm characterized by different geometries of photoluminescent GalnP segments of lengths
50—-200 nm spaced by 50—150 nm. The influence of the GalnP segment sizes and positions within a
single NW on the GSD image contrast is discussed in detail. The relative simplicity of this method

and its moderate laser power requirements make it relevant for further biological studies.
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Chapter 1

Introduction

The ability to observe biological specimens at different length scales has led to numerous discoveries
throughout the history of natural sciences. One good example is Robert Hooke, a 17th-century English
natural philosopher who, by using the first compound-lens microscope, distinguished basic units in
plants which he called cells'. Since then, far-field optical microscopy has become one of the most
powerful techniques in the natural sciences largely due to its non-invasive nature. Unfortunately,
many biological objects are highly transparent to visible light and difficult to image with transmitted
or scattered photons. For this reason, cellular imaging currently relies heavily on fluorescence mi-
croscopy. This technique is based on the specific labeling of targets by using small molecules, which
absorb visible photons and emit light of longer wavelength in a process called fluorescence. Certain
advantages, such as high specificity, high contrast, multiplexing and real-time 3D visualization make
fluorescence microscopy irreplaceable in the imaging of living systems. Despite these benefits, this
powerful technique has been for a long time limited in resolution by the diffraction of visible light?
to roughly 200nm. Many biologically relevant entities, such as viruses or protein complexes are
considerably smaller than this so-called diffraction limit. Due to the lack of alternatives, scientists
have used complementary techniques which can provide even atomic resolution, such as, for instance,
electron microscopy. However, these other methods often limit clear conclusions in the biological
context due to the requirement to investigate the process of interest under specific conditions: near
the surface of glass or air, or after a harsh sample preparation. Not surprisingly, many efforts were
made to overcome the diffraction barrier in optical microscopy. Slight resolution improvements were
realized, for example, by the confocal detection (which mainly improves background suppression) or
two-photon excitation schemes (leading to a minor improvement in the lateral resolution by a factor
of ~V2 in comparison with one-photon excitation at a given wavelength). The diffraction limit of
fluorescence microscopy was finally overcome by methods called super-resolution microscopy, or
simply nanoscopy >, which were recognized by the award of Nobel Prize in Chemistry in 2014.
Resolution enhancements of roughly 10-fold were demonstrated experimentally by incorporation of at
least two intrinsic fluorophores states (‘on’ < ‘oft”) in the imaging scheme. Thus, the ability to prepare
fluorophores in two discernible states and their properties define resolution in these methods. Super-
resolution microscopy has been successfully applied to image different types of quantum emitters

including organic molecules’®, photoswitchable proteins’®, defects in diamond crystal structure”,
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semiconductor quantum dots , or upconversion nanoparticles '*»!'%. Single-digit nanometer reso-

lutions were first reported for color centers in the diamond lattice at room temperature ', and later

for organic fluorophores at cryo-temperatures !

. Achieving such results for common fluorescent
markers at standard physiological conditions is still challenged by the permanent loss of their ability
to emit fluorescence under light exposure, referred to as photobleaching.

In this work, we study the photobleaching of several organic dyes in the super-resolution tech-
nique called stimulated emission depletion microscopy (STED) '® with the aim to identify the optimal
imaging conditions for low bleaching. In particular, we study the effect of the STED pulse duration.
In STED microscopy, the flux of photons applied to induce stimulated emission transiently deacti-
vates the marker’s ability to emit fluorescence and, in principle, should be harmless to the emitters.
However, to achieve high resolution one must apply sufficiently strong de-excitation beam intensities
close to the center of the doughnut-shaped STED beam. This results in significant overexposure of the
molecular probes to the STED light at the crest of the doughnut beam. Undesirable effects then become
problematic as the fluorophores (or neighbor molecules, which then react with the fluorophores) are
excited by instantaneous or sequential absorption steps involving photons from the STED beam. These
absorption events create populations in higher excited states and result in an increased reactivity of the
chemical compounds, as the binding of an excited electron is weaker. Light-induced destruction of
fluorescence emitters has been extensively studied in one- and two-photon excitation fluorescence mi-
croscopy '%~??, however systematic studies of photobleaching in STED nanoscopy have been missing.
Besides many successful implementations of the STED concept, from sub-nanosecond de-excitation

2:23.24 up to simple continuous-wave operation>>->°, the variability of conditions (e.g., spectral

pulses
distribution of radiation, class of dyes used, labeling density, or host substance) make it difficult to
compare various realizations. The previous work on photobleaching in STED microscopy has shown
that absorption of STED photons by molecular probes in singlet and triplet systems results in acceler-

ated photodamage >’=!

. However, the impact of the processes involved in photobleaching at different
resolution levels was not determined. Here, we investigate in detail how the temporal distribution
of photons at a commonly used STED wavelength of 750 nm affects the photobleaching of several
orange- and red-emitting organic fluorophores (ATTO590, STARS580, ATTO647N, STAR635P). The
de-excitation photon flux was varied by changing the pulse duration (from subpicosecond pulses to
continuous-wave operation) and peak power of STED light (up to 200 W) to directly measure transient
de-excitation and photobleaching of the fluorescent markers in thiodiglycol (TDE). This study provides
an initial step of screening for the optimal parameters in STED microscopy which could minimize
bleaching and thus make further resolution enhancement possible.

An interesting alternative to traditional molecular probes which are subject to photobleaching
is offered by artificial nanostructures. Their intriguing properties not only allow for efficient imag-
ing, but very often also for novel biological applications. Of particular interest are semiconductor
nanostructures, where one can alter optoelectronic properties relatively easily. For example, quantum
dots (QDs) are used extensively to visualize biological specimens. Their broad absorption band,

narrow and tunable emission spectra resulting from quantum confinement, excellent quantum yield,
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high photostability and biofunctionalization make them useful probes in many applications including
multiplexed optical coding, fluorescence resonance energy transfer or high-throughput screening 3>,
One-dimensional nanostructures, such as nanowires (NW) or nanotubes, allow for measurements of

electrical activity %7

or cellular forces **. Despite the clear potential of artificial nanostructures in
sensing applications, their use within living specimens is still controversial due to their poorly charac-
terized cell permeability and toxicity. The interactions at the nanoscale are still not well understood
and require further studies. Reproducibility and high levels of control over epitaxial growth of NWs
make them perfect model structures in these studies. Previously, NWs were studied in biological
contexts by traditional optical microscopy**~**. To improve the contrast in scattering biological sam-
ples, NWs were imaged with common fluorescent dyes either by direct labeling of their surface or by
spatial exclusion of the surrounding fluorescent dye. These experiments were hampered by limited
resolution which did not allow for precise localization of the nanostructures with respect to the cell
compartments, and by photobleaching of the fluorescent dyes, which limited long-term studies. It
has been proposed that photobleaching issues might be overcome by using as a contrast mechanism
the inherent photoluminescence of the semiconductor NWs**. The designed heterostructured pattern,
created by alternation of non-luminescent GaP and luminescent GalnP segments (‘barcodes’) within a
single NW, allowed for identification of multiple NWs with different geometries and surface coatings
in a tissue. Some barcode-structured NWs were not resolvable using a confocal microscope**. The
success of nanoscopy methods demonstrated for other emitters encouraged us to test if it is possible to
increase resolution for the extended semiconductor photoluminescent segments of the NWs. The most
common optical nanoscopy techniques as STED '8 or PALM "-8/STORMY are difficult to apply directly
to the heterostructured nanowires, as their optical properties differ from commonly used point-like
molecular probes. In this work, we study the photoluminescence of GaP—GalnP nanowires to improve

the resolution of far-field optical microscopy in this system.

Structure of the thesis

Chapter 2 contains an introduction to the optical nanoscopy methods, highlighting some of the current
developments and challenges in this dynamically growing research area. Nanoscopy techniques
relevant to the content of the thesis (STED nanoscopy and GSD nanoscopy) are described in more
detail, to allow the reader to follow the specific topics covered in the further parts of the thesis. Chapter 3
summarizes the results and provides a general discussion. The following Chapter 4 comprises the
results on molecular photobleaching in STED microscopy, as published in Scientific Reports. Finally,
Chapter 5 contains super-resolution imaging of heterostructured GaP—-GalnP nanowires using GSD

nanoscopy; work which was published in Nano Letters.






Chapter 2

Background

2.1 Advances in far-field optical nanoscopy

The early 21% century has witnessed a fundamental change in our perception of lens-based optical
microscopy. An almost 10-fold resolution enhancement has been achieved over the last two decades
for imaging with traditional fluorescent markers. The increased ability to distinguish closely spaced
objects emerged from the incorporation of intrinsic properties of the molecular probes in the imaging
scheme. The utilization of at least two emitter states, typically a fluorescent ‘on’ and a non-fluorescent
‘off” state, makes it possible to push the resolution, limited by diffraction to ~200 nm for visible light,
down to ~20—-50nm in biological samples. Generally, super-resolution techniques can be divided
into two categories described briefly below: the first group separates features by the molecular states
at targeted position in space (coordinate-targeted methods), whereas the second group establishes the
state difference at the single-molecule level and at random positions (coordinate-stochastic methods).

In coordinate-targeted methods (e.g., STED 18 GSD*, RESOLFT %), differentiation of molecular
‘on’ and ‘off” states within the extended diffraction-limited focal volume is realized by a spatially
shaped transition beam. This beam should confine the molecular state difference to a possibly
small region. In fact, these methods scale down the point spread function (PSF) of the far-field
scanning optical microscope. The resolution improvement is determined by the efficiency of the
‘on’«‘oft” transition. For a linear optical transition, the spatial resolution Ad.g scales roughly
inversely proportionally to the square root of the transition beam intensity I (AdegocI~'/?). The most
intuitive switching mechanism is realized in stimulated emission depletion microscopy (STED '®).
To transiently silence the fluorescence at the outer region of the diffraction-limited excitation spot,
a doughnut-shaped de-excitation beam (transition beam) is applied. Fluorescence is allowed only
in the close vicinity of the coordinate targeted by the minimum of the STED beam which, ideally,
features zero intensity. In the outer regions molecules are transferred to the ground state by stimulated
emission, before fluorescence can occur. The STED intensity (more precisely, the efficiency of
stimulated emission) determines the effective fluorescent volume. As an image is created by raster
scanning of the region of interest, the diminished fluorescent volume corresponds to the increase in
optical resolution.

In stochastic methods (e.g., PALM’, FPALM?®, STORM®, PAINT*’, GSDIM 48), the separation of
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emitters in close vicinity occurs also by ‘on’ <> ‘off” discrimination, but somewhat differently: ata given
time only a single molecule at a random spatial position within a diffraction-limited area is allowed
to emit. The small size of the molecule (~1 nm) compared to its image spot (~200 nm) makes it to
appear as a point emitter. This image registered on a camera represents the diffraction-limited PSF of
the far-field microscope. The intensity distribution in the single-molecule image contains information
about the molecular coordinates. These can be determined (e.g., by finding the center of the intensity
distribution) with a precision higher than the PSF width itself. The error of localization o is given by
the standard deviation o-=77sf/yN, where opgF is the spatial probability of the photon detection, that
is, the standard deviation of the PSF and N is the number of signal photons detected from a single
emitter in the ‘on’-state. To obtain a truly sub-diffraction image, many individual molecules have to be
resolved within the diffraction volume in sequential frames recorded on the camera. In each of them,
only an optically resolvable subset of the emitters is activated to the ‘on’ state, these then emit a number
of fluorescence photons to eventually end-up (permanently) in the ‘off” state. A simple overlap of the
sequential frames results in a blurred image. Nonetheless, the combined localizations of the single
molecules contain features separated by distances much closer than the diffraction limit. The (mean)
resolution enhancement scales in the same way as the localization precision with the square root of
N (Ad.gocN~'/%). A single molecule can emit approximately N=10° photons before photobleaching
occurs*’, which in case of a perfect detection system corresponds to a resolution which is three
orders of magnitude higher than that of conventional optical microscopy. This very intuitive idea of
resolution improvement by localization of a single entity (mentioned by Heisenberg>" for scattering
of an electron already in 1930) was waiting a few decades for experimental realization in fluorescence
microscopy. One of the reasons for this is that registration of the single-molecule signal in the
presence of many host molecules requires an exceptional sensitivity for photon-limited emitters, such
as the fluorescence markers. This fact demands a high absorption cross-section, fluorescence quantum
yield, photostability of the markers as well as detection sensitivity. In biologically relevant conditions,
these requirements have to be fulfilled in an aqueous environment at approximately room temperature.
Additionally, to acquire super-resolution images, an active control of the emission is necessary. Several
attempts of single-molecule localization microscopy were undertaken, including photobleaching?'->
or blinking”? of various emitters, but satisfactory results were not reached until photoswitchable
fluorophores were developed (e.g., PA-GFP>*%, Dronpa>®, Cy5%°7). For instance, the discovery of
photoactivatable green fluorescent protein (PA-GFP) was a milestone for photo-activated localization
microscopy (PALM7). In this method, an optically resolvable subset of photoactivatable proteins is
converted to a fluorescent variant (‘on’) by a weak ultraviolet pulse at the activation wavelength A,;.
Subsequently, only the activated proteins are able to interact with the excitation light at Ay, and emit
fluorescence photons until photobleaching occurs (‘off’). The detected image reveals the molecular
positions. The sequence is repeated until all markers are photobleached, that is, no fluorescence
signal can be detected. Reconstructed positions from the individual camera frames are added together,
creating the super-resolved image.

Both aforementioned methods have their strengths and weaknesses. Coordinate-targeted ap-
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proaches provide typically better time resolution and do not require an expertise in photochemistry to
obtain a proper kinetic of stochastic switching nor reconstruction of the image, which may produce
artifacts. On the other hand, they necessitate higher photon fluxes of implemented beams to acquire
the same resolution enhancement as coordinate-stochastic methods. These relatively high light in-
tensities may cause increased photobleaching or phototoxicity in biological samples. Secondly, the
experimental setups with a patterned transition beam or even multiple beams are more sophisticated
and expensive than the simple wide-field microscopes used for stochastic methods. The choice of the
best method depends on the particular imaging needs.

In this context it should be mentioned that the classification of methods presented above is not
necessarily clear-cut. Linking the coordinate-targeted emission with stochastic activation (transfer to
‘on’-state) of single molecules led to nanoscopy with exceptionally low photon fluxes in an approach
called MINFLUX 3. In this method, single-molecule detection is performed sequentially in time like
for the stochastic techniques. The novelty lies in probing an unknown emitter position xey, nearby
a minimum x; of a spatially-shaped excitation beam. In the one-dimensional case, the excitation
minimum can be approximated by a parabola lex.(x)oca(x — x;)%. The emitted photon flux ®g depends
on the displacement between the well-defined coordinate of the excitation beam intensity minimum x;
and the unknown molecular position x.p,. A small shift from the perfect overlap between x; and xep
(significantly smaller than the beam focal spot size) is reflected by a (small) number of emitted photons.
The registered photon flux is proportional to the intensity of the excitation ®g(x)oca(xXem—x;)>. To
obtain the one-dimensional (1D) emitter vector x.p, which identifies the emitter position with respect
to the beam coordinate x;, at least two consecutive measurements are necessary i=1,2. Each of them

corresponds to different excitation beam positions and, thus, different numbers of detected photons

Xo\n1+xpyny T .

———=—=_ To obtain
Vni+yny

the emitter position in two dimensions, at least three consecutive measurements are necessarysg.

anoc(DﬂLzoca(xem—xl,z)z. The 1D emitter vector can be estimated by xem=

Since the coordinates of the excitation beam minimum can be determined a priori with precision
<1 nm, the limitation to molecular position estimation lies in the fluctuations of the detected photon
numbers. The photon shot noise determines the minimal detection time for each exposure. In contrast
to other super-resolution methods, the applied wavelength no longer enters the expression for the
achieved position localization precision (and thus resolution). The MINFLUX concept minimizes
the requirements on registered photon numbers to localize single emitters. This technique recently
demonstrated state-of-the-art images of molecular probes with one nanometer resolution at room
temperature 5.

Recent developments in nanoscopy techniques focus on further improvements of imaging capabil-
ities. The general goal is to acquire enhanced information about the labeled specimen (3D space and
time), with the least possible influence on the observed system. It is actually very challenging from the
experimental point of view because the new regime of resolution demands smaller fluorescent labels,
sufficient labeling density as required by the Nyquist criterion, aberration-free focal spots possibly
over a large depth of field (DOF, that is, far away from the cover slip), minimal photobleaching and

phototoxicity, high throughput and a very stable optical system over the measurement time. Particular
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needs can be addressed by establishing new optical strategies, modifying the emitter properties (and
their surrounding) or exploring other molecular states to provide the features’ separation. In the
following, a few examples of important advances in super-resolution microscopy are given.

For point-scanning coordinate-targeted nanoscopy, parallelization was an important step towards
speeding up the image acquisition in a large field of view (FOV) >, The pixel dwell time in
nanoscopy is limited by the ‘on’ < ‘off” switching kinetics and the necessary number of cycles that a
molecule has to undergo to register an acceptable signal-to-noise ratio. For large FOV, the common
point scanning approach has a low throughput. Instead of using a single transition beam (which
features a single intensity minimum) and a bucket detector, it is advantageous to create an intensity
distribution with many minima and register the signal on a camera-based detector from the whole
FOV simultaneously. In this case, the need for scanning to separately address subdiffraction features is
reduced to within the diffraction-limited area. Parallelization of the image collection has an excellent
result for RESOLFT microscopy with photoswitchable proteins, where the photon flux necessary to
acquire a substantial resolution gain is relatively moderate®. Namely, high-power lasers allow for
spreading their energy over a large region, while still maintaining sufficient photon densities nearby
the minima of the transition light distribution to accomplish the molecular state difference preparation.
Consequently, an image within a ~100x100 um? field with lateral resolution below 100 nm can be
registered in less than a second .

The success of all nanoscopy methods is determined by the photostability of fluorescent markers.
This problem is especially severe in STED microscopy, where a majority of the markers’ optical
transitions ‘on’ < ‘oft” do not contribute to the registered fluorescence signal. The extended exposure
of the molecular probes to photons of STED light eventually results in a permanent loss of their ability
to fluoresce. To overcome this issue, several strategies based on controlled light exposure have been
proposed. It is known from early experiments with dye solutions that one possible photobleaching
pathway is mediated by the lowest triplet state. The magnitude of the photodamage assigned to the
triplet system can be reduced by preventing a build-up of the lowest triplet state. Triplet relaxation
(T-Rex) can be realized for instance by application of low repetition-rate lasers>*". The time interval
between consecutive pulses has to be longer than the lifetime of the triplet state. In these conditions,
population of the triplet state is minimal and the molecules trapped in this state are not exposed to
photons of the following laser pulses. Such an arrangement protects them from promotion to more
reactive higher triplet states by absorption of photons from the implemented beams. Reduction of
photobleaching increases the maximally applicable STED photon flux and allows for further resolution
enhancement. Indeed, the T-Rex concept reported the best resolution to date of ~15—20nm in STED
microscopy with organic molecules at room temperature>’. Nonetheless, this method is not popular
because it compromises imaging speed significantly. The relatively long lifetime of the molecular
triplet state (~107* sec) requires reduction of laser repetition rate from commonly used 80 MHz down
to <1 MHz. To maintain the same signal level, the pixel dwell time has to be increased, which is
disadvantageous in many applications.

Super-resolution methods based on single-molecule localization are facing other difficulties. For
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instance, the resolution enhancement in the axial direction over the large DOF is particularly chal-
lenging. The problem originates from symmetric and elongated shape of the PSF along the objective
axis, which does not change significantly over ~100 nm. The common approaches to obtain resolution

61,62 63,64 in the

enhancement in the axial direction are based on introducing defocusing or astigmatism
detection path of the optical system such that the shape of the single-molecule image in the detector
represents the axial coordinate. These methods, while providing super-resolution information in all
three dimensions, have limited DOF to approximately the axial PSF size of ~600 nm. The DOF can

be slightly improved by multiplane imaging® or adaptive optics strategies °.

More sophisticated
engineering of the PSF can notably increase the DOF. Converting a Gaussian-like PSF to the so-called
double helix can more than double the accessible depth in PALM microscopy (to ~2 um)®’. The dou-
ble helix concentrates the fluorescence light into two spinning lobes over an extended axial range. The
actual twist between them registered in the image plane depends on the axial position of the emitter.
By application of appropriate estimators, nearly uniform localization precision (i.e. resolution) in
lateral and axial directions have been reported®’.

The possibility to image simultaneously different targets, called multiplexing, is a modality ex-
tensively used in fluorescence microscopy. Typical multicolor setups employ several fluorescence
filters, which to some extent separate the emission spectral composition of various dyes compatible
with the available laser sources. The signals from the individual spectral windows are integrated in
the respective bucket detectors and later assigned to different color channels. This approach to create
multicolor images suffers from the fact that emission spectra of the dyes often overlap between the
color channels. Spectral overlap results in cross-talk which influences the contrast of the final image.
The cross-talk can be reduced by a spectrally resolved imaging scheme % demonstrated for stochastic
optical reconstruction microscopy (STORM). By applying a dispersive element (e.g., a prism) in the
detection path, both the position and the spectra of individual molecules can be detected simultane-
ously on the camera. Such an experimental design allowed for multicolor imaging of four markers with
maxima of spectral distribution separated by only ~10 nm, providing nearly cross-talk-free imaging °®.

The current advances in optical microscopy provide new insights in biological research®. Far-
field optical techniques can now access the spatial orientation and dynamics of proteins and protein
complexes, providing a better understanding of the intracellular mechanisms. For instance, STED
microscopy resolved Bax protein oligomerization, indicating a pore-like release mechanism of proteins
from mitochondria to the cytosol’. Another example is the organization of actin in the axons of
neurons. Actin filaments, among other functions, regulate shape and motility of the cell. STORM
fluorescence microscopy, thanks to high spatial resolution and specificity, demonstrated that actin
forms regular, isolated rings in axons separated by ~190nm’!. A variety of the cytoskeletal proteins
which are contained in the nerve cell hid actin organization in electron microscopy studies. Finally,
PALM microscopy visualized hemagglutinin molecules in fibroblasts ’>. The accessible resolution of
~40nm and dynamics at ~150 ms sampling revealed the organization and structure of these proteins,

revising the currently existing membrane domain models.
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2.2 STED nanoscopy

Stimulated emission depletion (STED) microscopy is the first super-resolution method conceived and
described theoretically by Stefan Hell and Jan Wichmann in 1994 '8, A few years later, breaking of
the diffraction barrier of far-field optical microscopy was demonstrated experimentally. This section
serves as a brief introduction to this technique.

The basic scheme of a STED microscope is presented in Fig. 2.1a. The excitation beam (shown
in blue) and the STED beam (shown in red) are combined by dichroic mirrors (DMs), in such a
way that they overlap in the focal plane of the objective lens (Obj). To ensure uniform interaction
of photons with all possible orientations of molecular transition dipoles present in the sample, both
beams typically feature a circular polarization. The linear polarization of the incoming beams is
transformed into a circular one by a broadband quarter waveplate (4/4) placed close to the back pupil
plane (back aperture) of the objective lens. The diffraction-limited focal spots require laser beams
which overfill the objective back pupil plane. Therefore, both beams have diameters of ~5.6 mm.
The role of the excitation beam is to excite molecules to a fluorescent state (‘on’). A STED beam is
implemented to transiently disable the fluorescence ability in the outer region of the excitation spot
by stimulated emission (‘off”). To accomplish this, the STED beam exhibits an intensity minimum
in the middle of the focal spot (see Fig. 2.1c). The STED beam minimum is created by imprinting
controlled spatial phase differences on the beam, just before focusing. Phase retardation can be
applied by a commercial helical phase plate (HPP) with varying thickness of a polymer layer which
corresponds to a 0—27 phase shift within the beam (Fig. 2.1a). A perfect zero-intensity minimum is
formed only for a certain STED wavelength, as only then the optical path difference corresponds to
the desired retardation. The doughnut beam quality depends on the polarization of the STED light.
For a tight-focusing objective lens, only one circular polarization (left or right handed, depending
on the orientation of the HPP)? results in a good quality of the STED beam, featuring ideally a
perfect zero intensity at the center. In many applications the fixed HPP plate is replaced by a more
flexible spatial light modulator (SLM), which allows not only for wavelength-dependent doughnut
beam shaping, but also for an additional adaptive correction of aberrations caused by transparent or
scattering tissue. A different way to generate the doughnut-shaped beam is to modify polarization

in a spatially selective manner in the STED beam before focusing’+7>

. Image acquisition occurs
as in confocal microscopy by raster scanning of the sample, using a piezoelectric stage or scanning
mirrors. Fluorescence (Fig. 2.1a, shown in green) originating at each scanning step is registered with a
bucket detector, here a single-photon-sensitive avalanche photodiode (APD). High numerical aperture
objectives are infinity-corrected and the image of the fluorescence spot is formed by an additional tube
lens (L). In the image plane, a multimode optical fiber (MMF) acts as a confocal pinhole to reject
out-of-focus fluorescence and enhance the image contrast.

The molecular states and optical transitions relevant to the image formation in STED microscopy
are presented in the Jabtoriski diagram in Fig. 2.1b. Possible electronic states are simplified to just two:

the ground state (Sp, ‘off”) and the first excited singlet state (S;, ‘on’). All molecules are considered to

be initially in the ground state. The excitation beam transfers the ground-state molecules to a higher
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Figure 2.1: STED nanoscopy. (a) Basic scheme of a STED microscope (Obj: objective lens, 1/4: quarter-
wave plate, DM: dichroic mirror, HPP: helical phase plate, L: tube lens, MMF: multimode fiber, APD: avalanche
photodiode). (b) Jabtoriski diagram of organic molecule electronic states showing the ground state (Sp), the first
excited state (S7) and the optical transitions of excitation (Exc), spontaneous emission (Fluo) and stimulated
emission (STED). Black arrows indicate solvent-related vibrational relaxations. (c¢) Point-spread functions (xy
sections) of excitation beam (Exc) and STED beam as measured by scattering of an 80 nm gold bead. The
scattered signal was measured separately on a photomultiplier tube (path not shown). (d) Schematic drawing of
a 40 nm diameter crimson fluorescent bead. (e) Spectroscopic properties of crimson dye with selected excitation
(Exc), detection and stimulated emission (STED) spectral windows. (f) Example of crimson beads confocal
image. The inset shows the intensity profile along the direction indicated by the y arrow. Excitation average
power: 10 uW, excitation central wavelength: 635 nm, excitation pulse duration: 500 fs (FWHM). (g) STED
image of the same area as in (f). The inset shows the intensity profile along the direction indicated by the
y arrow. STED average power: 300 mW, STED central wavelength: 750 nm, STED pulse duration: 200 ps.
Excitation properties are the same as in (f). The objective was an immersion oil lens of high numerical aperture
(HCX PL APO 100x/1.4NA, Leica). All average powers are measured at the back aperture of the objective
lens. Repetition rate: 80 MHz. All scale bars: 500 nm.

vibrational level of the first excited singlet state upon absorption of photons (Sp—S7). This process
occurs on a femtosecond time scale. Subsequently, within picoseconds, solvent-related nonradiative
vibrational relaxation occurs ($;~»S), followed by fluorescence (S;~»Sp). The lifetime of the S
state typically equals a few nanoseconds. STED photons deliberately transfer the excited molecules to

higher vibrational levels of the ground state by stimulated emission (S;—S;). The detection spectral
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window has a cut-off below the STED wavelength so that stimulated photons do not contribute to
the registered signal (see Fig. 2.1e). By fast vibrational relaxation, (S;~»Sp), the molecules return
to the initial ground state and the cycle repeats. The role of the STED beam is to transiently disable
the markers’ ability to emit fluorescence. To do so, stimulated emission has to occur faster than the
spontaneous decay. The probability of stimulated emission can be controlled by the number of STED
photons acting on the molecules in S state. In order to obtain a high efficiency of de-excitation,
the STED pulse must directly follow the excitation pulse. The dynamics of the involved relaxation
processes limit the range of applicable STED pulse durations. To avoid unproductive flipping between
singlet states by an intense STED photon flux (Sj<>S;), the STED pulse has to be longer than the
vibrational relaxation of the marker. On the other hand, the STED pulse should act only on the
molecules in the first excited singlet state S;, which determines the upper limit for the STED pulse
duration roughly to the excited state lifetime. This broad range of applicable pulse durations is further
constrained by other processes involving STED light, such as undesirable multiphoton or sequential
absorption of photons from the STED beam by fluorescent markers. The magnitude of these processes
increases with the STED-light intensity, and these effects have different contributions depending on
the resolution enhancement required.

The population of molecular states with higher energy (in both singlet and triplet systems) often
leads to more pronounced photodamage. Despite the theoretical predictions of the most efficient

de-excitation with a few picoseconds STED pulse durations '®

, a significant resolution improvement
was not reported with molecular probes until long STED pulses of ~50 ps were applied”*. Nowadays,
de-excitation is commonly performed with STED pulse durations 7stgp in the range 200—1000 ps ’°.
The STED concept has been also successfully implemented with continuous-wave (CW) de-excitation
beams>>2°. Simpler and lower-cost CW STED setups, however, necessitate a higher average STED
power to provide a sufficient de-excitation photon flux over the molecular excited state lifetime. The
increased average power results in more pronounced undesired linear processes, such as one-photon
excitation of ‘hot’ ground state molecules (occupying higher vibrational energy levels of Sp) by
absorption of STED-light photons. Moreover, as optical switching occurs relatively slowly in CW
STED, there is a leakage of fluorescence signal over the STED exposure time called early-fluorescence
signal. Early-fluorescence photons partially hamper the contrast and resolution of the registered image.
This drawback can be overcome by time-gating of fluorescence detection’®’”. The signal collection
in time-gated STED (gSTED) starts typically ~1 ns after the excitation pulse. Detection time gating is
realized by time-correlated single photon counting (TCSPC) modules, which provide sufficient time
resolution. The super-resolution contrast enhancement is achieved at the expense of the registered
fluorescence signal.

The quality of the beams and their spatial alignment are determined by measuring the scattered
signal from a small object placed in the focal plane. Fig. 2.1c shows the excitation and STED focal
spots as measured by scattering of a single 80 nm-diameter gold bead. As the size of the gold bead
is smaller than the expected resolution (~230 nm), the images roughly represent the respective PSFs.

Special attention should be paid to the residual intensity in the STED beam minimum. The rule of
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thumb is that high-quality STED imaging requires an intensity minimum below 1% of the STED
doughnut crest value.

An example of the resolution enhancement in STED microscopy is shown for the fluorescent
beads dispersed on the cover glass (Fig. 2.1d-g). Fluorescence beads are polymer microspheres
heavily loaded with a specific dye. Such shielding protects the organic compounds from potential
destructive chemical reactions with the microenvironment. Therefore, fluorescent beads are very
bright and photostable, constituting an excellent target to demonstrate the resolution improvement.
Here, we imaged crimson fluorescent beads (Thermo Fisher Scientific) with a mean size of ~40 nm
(Fig. 2.1d). The absorption and emission spectra of the crimson dye with the excitation, detection
and STED spectral windows are presented in Fig. 2.1e. By application of the excitation beam alone
the conventional confocal image is recorded (Fig. 2.1f). Scanning the same area with co-aligned

excitation and STED beams results in ~7 times increased lateral resolution (Fig. 2.1g).

2.2.1 Diffraction-limited focal spots

For aberration-free objective lens, the minimal volume of the far-field focal spot is determined by
diffraction of the light. The finite beam size in the focal plane directly corresponds to the finite resolu-
tion of the raster-scanning optical system. The reason for this is that the signal from all emitters within
that volume is collected simultaneously on the detector and smaller features cannot be distinguished in
the image. This section concerns the diffraction-limited focal spots of the excitation and de-excitation
beams which constitute the best possible starting point for further resolution improvement in STED
microscopy.

The so-called diffraction barrier of far-field optical microscopy was first rationalized by Ernst

Abbe, who introduced the famous equation indicating a resolution limit?
Ad > 5% (2.1)

where Ad is the resolution of the optical microscope in the direction perpendicular to the objective
axis (lateral direction), A is the wavelength of light used to create an image and NA is the numerical
aperture of the objective lens. The light distribution in the focal plane Itq(x, y) can be calculated
using the Fraunhofer diffraction integral. The exact calculations can be found elsewhere ’®. For a thin

lens, the approximate intensity in the focal plane is given by

Trocal(x, y) o< | F{E(x, y)t(x, y)}? /A2 f* (2.2)

where .Z is the Fourier transform of the electric field E(x, y) just before the focusing lens multiplied
by the lens aperture function #(x, y) and f is the lens focal length (Fig. 2.2a). To obtain a minimal
focal volume, the Gaussian laser beam has to overfill the back pupil plane of the objective lens. In
this case, the electric field E(x, y) is roughly constant within the aperture and the intensity profile in
the focal plane corresponds to the Fourier transform of a circular aperture Igoca(x, y)oc| - {t(x, WH?
known as the Airy disc (Fig. 2.2c-d). The Airy disc is the smallest focal spot possible created by a

circular lens. In the presence of measurement noise, this function is well approximated by a Gaussian



14 2.2. STED nanoscopy

oxy)

c max d
1~ o flat phase
N ® helical phase
£
s 01p
£
2
= .
g 0.01f- o
€ [ e ®
S pmefee o of\um
4
min 1E-3 1

Figure 2.2: Light intensity in the focal plane for flat and helical spatial phase of the laser beam. (a)
Schematic drawing of light focusing by a thin lens, where ¢(x, y) denotes the spatial retardation of the phase
plate, #(x, y) is the lens aperture function, f is the lens focal length, and Ad is the lateral width of the focal spot.
(b) Aperture function of the lens #(x, y) and helical spatial phase ¢(x, y). (c¢) Intensity distributions in the focal
plane for flat and helical spatial phase of the beam. (d) Intensity profiles (dots) of the images presented in (c)
with fitted Gaussian (black line) and Laguerre-Gaussian (blue line) functions. The data in (c,d) was calculated

using a scalar diffraction approach.

distribution due to the low intensity of concentric rings (<2%) in respect to the bright region in the
center (Fig. 2.2d)

I(r) = Ipeake_% 2.3)
where I,eqx is the maximal beam intensity, Ad is the width of the intensity distribution (defined as full
width at half maximum, FWHM) in the lateral direction and r is the radial distance. By introducing
a spatial phase retarder ¢(x, y) in front of the lens, the focal spot shape can be altered. For example,
the helical spatial phase (¢(x, y)=e?, where 6 is the polar angle in a spherical coordinate system,
Fig. 2.2b) can generate a doughnut-shaped intensity profile in the focus (Fig. 2.2¢,d). This profile can

be approximated by a Laguerre-Gaussian function (Fig. 2.2d) described as

[S]

-2
w

La(r) = Ipeak(%)e 0 2.4)

where wy is the beam size parameter. For a laser beam operating at the wavelength of =750 nm with a
flat spatial phase, the diffraction-limited Gaussian-like focal spot has a diameter Ad~270 nm (FWHM).
By imprinting the helical phase, the same beam focuses to a diffraction-limited Laguerre-Gaussian
doughnut-shaped spot with wp~290nm. Such a focal profile is characterized by two diameters
corresponding to intensities equal half of the crest intensity: the inner dip diameter Adjpner~190 nm
and the outer diameter Adyuer~660 nm. The inner diameter of the doughnut-shaped beam is narrower
than the corresponding Gaussian-like focus. This fact has been utilized for a minor resolution

enhancement in confocal microscopy ’.
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It is important to note that the calculations presented above are based on the thin lens (small-
angle) approximation of scalar diffraction theory. More precise calculations of focal spot intensity
distributions for a high numerical aperture objective lens (with an entrance angle ax72°) require
including the polarization effects. A vectorial diffraction theory description for high numerical

aperture optical systems can be found elsewhere 83!,

2.2.2 Resolution scaling with de-excitation photon flux

In the ideal case, photons of the STED beam exclusively cause de-excitation of molecules in the first

excited singlet state Sy (Fig. 2.1a). Changes in the S| population are given by

% = —(yp + USTE;Q{STED)Sl (2.5)

where S is the population of excited molecules, yg=1/1y is the fluorescence decay rate with g being
the fluorescence lifetime, osTgp is the stimulated emission cross-section at the STED wavelength,
Istep is the local intensity of the STED beam and 7w is the STED photon energy. If we assume a
rectangular STED pulse with constant intensity for times 0<t<7stgp, we can integrate Equation 2.5
to obtain

O STEDISTED
S1(t, Istep) = S1(0)e ™ e™ ™ o TP 1>19rpp (2.6)

where S;(0) is the population of excited molecules at =0 (just after excitation). We can then define
the suppression factor of fluorescence emission 7(Istgp)

_ osteplstED _1nn ISTED
n(step) = ho T = 7ML 2.7)

with a characteristic parameter /5 for which the probability of fluorescence emission is suppressed by
a factor of two
Is_ In2%iw (28)

" OSTEDTSTED ~

The effective PSF heg which governs resolution (without confocal detection) is given by

n2

2
4rc . 5 IsTED(7)
Aa2 e In2 Ts

hei(r) = h(r)n(r) = €' (2.9)

where h(r) is the diffraction-limited PSF of an excitation focal spot with diameter Ad. Istep(r) is

described by the Laguerre-Gaussian function (Equation 2.4). Nearby the coordinate targeted by the
2

STED beam minimum, the intensity distribution can be approximated by a parabola Istep (7))~ Ipeak %
(see Equation 2.4). Therefore, Equation 2.9 simplifies to
hea(r) e " R =), (2.10)
The resolution Adeg can be calculated as the FWHM of hqq(r)
Ade ~ —84L (2.11)

1+ Ipeak eAd? '
I 2w§

Taking into account that the diameter of the diffraction-limited excitation focal spot (Ad~230 nm for

Aexe=635nm) is comparable to the parameter wq of the red-shifted Laguerre-Gaussian STED focus
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Figure 2.3: Resolution scaling in STED microscopy. (a) Resolution scaling with STED peak intensity for the
STED pulse duration 7sTgp=200 ps and the repetition rate =80 MHz. Gray dots represent resolution calculated
numerically from Equation 2.9 (FWHM); dashed red line is a fit of the shown expression to the numerical data.
Diffraction limited resolution Ad~230 nm, saturation intensity ;=90 MW/ cm?. (b-d) Diffraction-limited PSF
(dashed black line), residual fluorescence (green) and fluorescence suppression factor (1-7) (red) for the peak
intensity Ipeax=1Is in (b), Ipeak=10I in (¢) and I,eak=1001 in (d).
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inverse square-root law of resolution scaling in STED nanoscopy

(w285 nm for AsTep=750 nm), the term ~1 and Equation 2.11 simplifies to the well-known

Adep ~ —DL (2.12)

I peak

I+
The resolution scales inversely with the square root of the ratio between STED intensity and parameter
I;. For a STED wavelength of Astgp=750nm, a STED pulse duration of 7s7gp=200 ps and a cross-

section for stimulated emission at the STED wavelength ostep~1 X 1077 em?, I, equals (Equation 2.8)

~0.69-1x1073475.2.5x 10571 2
I~ 1% 10717 cm?-200 x 107125 ~90 MW /cm”. (2.13)

The resolution scaling with STED intensity is shown in Fig. 2.3. The STED peak intensities required
for a substantial resolution gain (>10/;) are higher than the intensities applied in conventional one-
photon excitation fluorescence microscopy (~100kW /cm?), but lower than the excitation intensities
in two-photon microscopy (~100 GW/cm?). Conceptually, even high STED intensities should be
harmless for fluorophores as photons are applied to de-excite molecules in the reactive excited state
to the non-reactive ground state. Unfortunately, at high STED intensity levels (resolutions), the
absorption events of STED-light photons by excited fluorophores (or neighbor molecules) cannot be

neglected. The resulting population of chemically reactive molecular excited states (singlet and triplet)
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results in photobleaching observable as a permanent loss of fluorescence signal during scanning. In

addition to photobleaching, such high irradiation can cause significant phototoxicity in living systems.

2.2.3 Photobleaching of molecular probes

Photoinduced degradation of fluorescent markers is a practical limitation for all super-resolution
microscopy techniques. Both single-molecule localization and coordinate-targeted methods suffer
from the fact that each fluorophore is characterized by the finite number of excitation-emission cycles,
which limits the detected fluorescence signal. In traditional fluorescence microscopy and coordinate-
stochastic nanoscopy, nearly all of the excitation events result in emission of fluorescence photons.
This means that the majority of the optical transitions are contributing to the image formation. In
STED microscopy, a large portion of the optical transitions are applied to suppress the fluorescence
emission by stimulated emission and thus are not registered as signal. The conceptually harmless
STED photons in practice influence the markers’ survival time by considerable absorption events
within a complex molecular energy structure, which results in a higher chemical reactivity of the
excited organic compounds. Therefore, photostability of the fluorophore under STED-wavelength
illumination plays an essential role for successful imaging.

Photobleaching refers to any chemical process mediated by the excited state of a fluorophore
which results in a permanent loss of the marker’s ability to emit fluorescence. Only excited molecules
are at the risk of photobleaching as ‘good fluorophores’ are assumed to be chemically stable in the
normally occupied ground state Sy. The magnitude of photobleaching depends on the illumination, on
the specific dye and its neighboring molecules, which facilitate certain chemical reactions. Promotion
of an electron to one of the excited states by absorption of a photon is followed by rearrangements of
the molecular electronic structure. Thus, the excited molecule has photochemical properties different
than the same molecule in the ground state, and often is considered as a ‘different species’®3. Upon
excitation, the excess of energy is relatively quickly released by emission of a photon (called fluo-
rescence or phosphorescence), heat (e.g., vibrational relaxation), chemical energy (e.g., dissociation)
or energy transfer to another molecule (e.g., FRET). In general, molecules in higher excited states
are more vulnerable to photobleaching as the electronic bond is weaker. Therefore, the primary step
of photobleaching depends on the excitation of molecules by absorption of light at a certain photon
energy. Photobleaching initially has been studied in fluorescent dye solutions and solid matrices. It
was a very active research area as dyes had many practical applications including their role as pho-
tosensitizers in photography or lasing mediums in dye lasers. Many of these early experiments gave
a good foundation for our understanding of photobleaching mechanisms and further investigations of
light-induced damage in optical microscopy conditions. The early experiments showed that bleaching
is proportional to the absorption of light by the system. It was noticed that the lifetime of an excited
state is of crucial importance for the further photodamage pathway as the chemical reaction has to
occur within that time. The first photobleaching models considered only the damage mediated by
long-lived states in the singlet and triplet system: the first excited singlet state and the first triplet state

(81, T1). For short-lived singlet states, only very fast chemical processes can occur (e.g., dissociation).
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The long-lived states have a high chance to undergo slow chemical reactions (e.g., redox reactions with
neighboring molecules). The first experiments revealed the complexity of photobleaching processes,
which strongly depend on the class of the dyes in use, solvent polarity, temperature, pH and the energy
of illuminating photons 3>84,

Photobleaching measurements under fluorescence microscopy conditions for free and chemically
bound fluorescent markers confirmed the involvement of the first excited states (51, 71) in photodamage
at low irradiation levels '*-20-2285:86 _ One pathway of photobleaching was identified as photooxidation
of excited fluorophores occupying 7. The electron transfer reaction to molecular oxygen results in
singlet oxygen and a non-fluorescent radical species of the fluorophore. Singlet oxygen and radicals
can further react with fluorophores, causing photobleaching of markers and phototoxicity in living
cells. This pathway was proven by the strong impact of oxygen presence in the photobleaching of sev-
eral dyes'%?08387 " Samples prepared under argon-saturated conditions were typically characterized
by minimized (but nonzero) photodamage '**". Direct photobleaching reactions from the first excited
states (S, 71) result in bleaching proportional to the population of S7, called low-order photobleaching.
There, photodamage effectively scales with light intensity, as does the fluorescence signal. Therefore,
in one-photon excitation (1PE) microscopy, low-order photobleaching B is proportional to the excita-
tion intensity (BocI”, b=1) whereas in two-photon excitation (2PE) microscopy the same mechanism
of damage leads to a quadratic dependence (b=2). Low-order photobleaching has been observed for
fluorescent dyes and some fluorescent proteins at low irradiances in 1PE microscopy %%, More
intense photon fluxes, however, result in a higher order b of photobleaching, and a simple three-level
system (So, S1,77) is by no means sufficient to explain the experimental observations®*%°°, For
IPE microscopy, a photobleaching scaling BocI? with b>1 has been reported for fluorescent dyes

22,85,89

and many fluorescent proteins . Even higher photobleaching orders b have been reported in

2PE fluorescence microscopy with b=3-5 for organic fluorophores?'->?

and green fluorescent protein
(GFP)3%0_ Such scalings indicate the involvement of higher excited electronic states in the markers’
photodamage. This bleaching regime is called high-order or accelerated photobleaching. High-order
bleaching is often dominant in multiphoton fluorescence microscopy. One of the mechanisms of
photodamage is a dissociation of the excited electron (in S, or 7},) by a solvent cation. This pathway
is strongly influenced by the polarity of the solvent in use?’.

In STED microscopy, the intense photon flux is applied to suppress the fluorescence ability of
molecular probes by stimulated emission (§;—Sp). Thus, in the ideal case STED photons protect the
fluorophores from following the photodamage pathways starting at S;. In practice, however, depending
on the photophysical properties of the molecules and the environment, intense STED light can also
cause excitation of markers. Of particular importance seems to be the excited state absorption(ESA)
the spectrum of which is often unknown. ESA refers to any absorption events starting from the excited
states of the fluorophore. STED-light photons can directly transfer the excited molecule in a singlet
or triplet state to any energetically matching higher-excited electronic state with the same multiplicity
(e.g., S1— Sy, T1—T,). The excitation can occur in one- or multi-photon absorption processes. The

population of higher excited states with respective photobleaching probabilities results in a STED
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intensity-dependent photobleaching. Knowledge of the photobleaching order b in STED microscopy

b
(Bl

de-excitation pulse duration which minimizes STED-light-induced damage.

) would greatly benefit the experimental strategies, by providing information on the optimal

The involvement of triplet-mediated ESA (77—T,,) in photobleaching under STED microscopy
conditions has been proven for several dyes by the success of strategies allowing triplet state relaxation,
as T-Rex or fast scanners >%**192 Dramatic differences have been observed in the STED performance
for dyes with different ESA spectra in the singlet system (S;—S,)!. However, none of these
experiments revealed to which extent the photobleaching depends on the STED intensity. One of the
reasons is that simple measurements of photobleaching as a function of STED intensity by varying
the time-averaged STED power usually lead to a sublinear bleaching dependence b<1. Such a scaling
is the result of a drastic decrease of S| population with increased number of STED photons (and
thus decrease of photobleaching magnitude). Therefore, measurements of photobleaching where
the STED average power is varied hide the involvement of higher excited molecular states S, 7;, in
STED-light-induced damage. Investigations with the aim to extract the photobleaching order » under
STED microscopy conditions necessitate a constant de-excitation energy, such that, while changing
the STED intensity, the population of the excited state S is roughly constant.

To describe the aforementioned light-induced damage observed in STED microscopy experiments,
a five-level system (including S,,, T;,, with n>1) has to be considered (Fig. 2.4a). The schematic model
of the relevant electronic energy states is based on previous work on photobleaching in fluorescence
microscopy ®. Each of the excited states (Si, Sy, 71,7}, is characterized by its own photobleaching
rate represented schematically by a pink arrow. Upon excitation (So—S;), the excited electron can
release energy by emission of a photon (by fluorescence S;~»Sy or stimulated emission S;—Sp), be
promoted to a higher excited singlet state by absorption of a STED-light photon (S;—S,,, ESA) or with
a certain probability undergo intersystem crossing (S;~77, ISC) and enter the first excited triplet state
T;. The probability of ISC is typically low (ISC<0.01) as direct optical transitions between states with
different multiplicity are forbidden. ISC requires spin flipping of the excited electron. Despite its low
probability, 7| population can be easily built up in common microscopy setups due to the large number
of excitation cycles undergone. Demands for high fluorescence photon fluxes require high repetition-
rate lasers, which does not allow for relaxation of molecules trapped in the long-lived first excited
triplet state (with lifetime from micro- to milliseconds) between subsequent pulses. After multiple
excitation events, the 77 population can be substantial. The STED-light photons can further excite
molecules in the first excited triplet state to a higher excited triplet state (771—7,, ESA). Moreover,
STED-light photons can cause excitation of ‘hot’ ground-state molecules by one-photon absorption
(So—S1) or excitation of ground-state molecules by multiphoton absorption to a higher excited singlet
state (So——S,,). Higher excited singlet states S, tend to relax relatively quickly (within picoseconds)
to S; by internal conversion. Therefore, mechanisms of damage mediated by the singlet system can
be subsumed to the first excited singlet state, with an effective photobleaching probability dependent
on the STED light intensity. The triplet-related photodamage occurs on a totally different time scale.

For example, the second excited triplet state 7, can be characterized by a lifetime of the order 100 ns.
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Figure 2.4: Photobleaching in STED microscopy. (a) Simplified model of states possibly involved in
photobleaching, including a higer excited singlet state S,,, the first excited triplet state 77 and higher excited
triplet state 7,,. 1PE: one-photon excitation by STED light, 2PE: two-photon excitation by STED light, ESA:
excited-state absorption by STED light. (b-c¢) Consecutive images of crimson fluorescent beads dispersed
on a cover glass under confocal (b) and STED (c) conditions. Exc: Aexe=635nm, Texc=5001s, Pexc=20 uW,
STED: Agtep=750 nm, 7s7ep=500ps, Pstep=150 mW, repetition rate 80 MHz, FOV: 5x5 um? (90x90 px?),
pixel dwell time: 0.5 ms. (d) Changes in brightness shown in (b-c) for confocal (black) and STED mode (pink)
of different regions of the crimson bead sample. The bold lines represent the mean value with standard deviation

as the error of measurement.

The situation is even more complex, as the excited molecules in the triplet system can undergo reverse
ISC and return into the singlet system (7,,~»S,,). Fluorescence emission from molecules which passed
through the triplet system is called delayed fluorescence. Delayed fluorescence has the same spectrum
as the singlet spontaneous emission, but a much longer emission time (~100 ns).

Additionally to the complex dynamics of the molecular electronic states, the STED beam intensity
distribution in the focal plane causes a spatially varying photobleaching probability. The effects

of photodamage measured as changes in fluorescence signal (brightness) in a STED microscope
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are integrated in the confocalized bucket detector. Such measurements often lead to an observable
biexponential signal decay even for the simplest case of a single photobleaching process from the
excited state S;. Therefore, the photodamage observed in STED microscopy is often difficult to
interpret. As an example, the brightness of crimson fluorescent beads over sequential imaging frames
is shown in Fig. 2.4b-d for the confocal and STED imaging modes. The fluorescent beads were
dispersed on the cover glass. The Gaussian excitation and doughnut-shaped STED beams were
nearly diffraction-limited. Confocal measurements were taken with the excitation beam operating
at a wavelength A =635nm, with a pulse duration of 7.=500fs and a time-averaged power of
Pexc=20 uW at 80 MHz repetition rate. Figure 2.4b shows one data set of such measurements, where
the same FOV (5x5 um?) was imaged in twelve sequential frames. The total brightness was calculated
as the sum of the signal from individual pixels. The results from several measurement series are plotted
in Fig. 2.4d (black lines). Each line represents the same measurement series as presented in Fig. 2.4b
for a fresh area of the fluorescent bead sample. The bold line represents the mean value of the respective
data set, with standard deviation as the error of measurement. Clearly, the detected signal (brightness)
changes over the time of light exposure. However, even in the simple confocal case the results are
surprising. The total brightness initially increases, reaching its maximal value roughly for Frame 2.
Increases of signal upon light exposure have been observed for densely packed fluorophores ***. Such
a behavior is explained by self-quenching of excited molecules via energy transfer processes between
adjacent fluorescent molecules. The quenching can be minimized by increasing the average distance
between the fluorophores. The same measurements taken in the STED mode are shown in Fig. 2.4c,d.
The excitation parameters were the same as for the confocal measurements. The STED parameters
were as follows: Astep=750nm, 7step=500ps, Pstep=150 mW at 80 MHz, corresponding to ~4
times resolution improvement. Exposure to the STED-light photons on average accelerated the loss
of signal (Fig. 2.4d, pink bold line). However, significant differences among the individual series
(reflected by the error of measurement) did not allow for more quantitative conclusions. To obtain a
quantitative comparison, the analysis of photobleaching requires a simpler model sample.

Itis important to note that photobleaching in STED microscopy can also be minimized by strategies
which reduce unnecessary exposure of molecular probes to the intense STED light. In these methods,
additional knowledge about the mechanism of photobleaching is not necessarily required. The light
exposure can be shortened in time by an intelligent scanning strategy which adapts the pixel dwell
time in response to the registered fluorescence signal at a given time (RESCue®”). Alternatively, the
exposure can be diminished by taking into account the spatial distribution of markers in the sample. To
do so, a preliminary image has to be recorded containing a rough estimation of the molecular positions
(e.g., a confocal image). Then, the exposure to STED light can be limited for instance by restriction of
the scanning to just subdiffractional regions around the expected molecular positions (MINFIELD °°).
Thus, the markers experience rather low STED-light intensities around the coordinate targeted by the
doughnut ‘zero’. Another approach is based on the dynamic pixel-to-pixel adaptation of the STED-
light intensity (DyMIN®”). The STED intensity is kept relatively high only when it is beneficial, that

is, nearby the estimated molecular positions. Furthermore, photobleaching in STED microscopy can
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be reduced by utilizing multiple states of a fluorophore in an image acquisition scheme. For example,
reversibly photoswitchable fluorescent proteins can be reversibly transformed to a non-fluorescent
(non-absorbing) variant upon absorption of a certain photon energy. By applying an additional
doughnut-shaped beam, operating at the wavelength matching this transition, fluorescent proteins can
be kept in a non-fluorescent (non-absorbing) state at a high intensity of the STED doughnut crest
(protected STED®). Thus, protein variants which are not optically active at the STED wavelength
are secured from the STED-light-induced damage.

2.3 GSD nanoscopy with emitters resistant to photobleaching

2.3.1 Quantum emitters alternative to molecular probes

Organic fluorophores are one of the most popular contrast agents in optical nanoscopy. Certain advan-
tages, such as their small size (Fig. 2.5a), variety of colors and well-established labeling procedures
make them convenient probes for targeting the structures of interest. Nonetheless, organic dyes have
several drawbacks such as limited brightness, wide emission spectra or only moderate photostabil-
ity, which limit their performance in imaging. Moreover, not all nanoscopy techniques are easily
applicable with common fluorescent molecules. While coordinate-targeted strategies like STED '®
microscopy are relatively straightforward, the coordinate-stochastic methods (e.g., STORM®) require
an organic dye or even a pair of dyes interacting with a special host buffer (solution). The role of the
medium is to promote a long-lived ‘off’ state of the molecules and thus make it possible to resolve
just a sparse subset of the population in an ‘on’ state during each frame exposure of a camera. This
requirement makes single-molecule localization microscopy with organic probes often unsuitable for
live-cell experiments, as the utilized buffer is also toxic.

The other popular class of labels, photoswitchable fluorescent proteins, is highly compatible with
live-cell imaging and widely applied in coordinate-targeted and -stochastic optical nanoscopy (e.g.,
RESOLFT®’, PALM). Fluorescent proteins have a barrel-like structure, bigger in size than the
organic compounds (Fig. 2.5b). The complex arrangement of amino acids protects the chromophore

(shown in red) from the environment '

. The non-fluorescent form of the photoswitchable protein
(‘off’) can be transformed into the fluorescent variant (‘on’) upon absorption of a certain photon energy,
followed by the rearrangement of the protein structure. Depending on the response to light, this process
can be reversible (e.g., cis—trans isomerization) or irreversible (e.g., covalent changes in chromophore

structure) !

. The clear advantage of photoconvertible fluorescent proteins over the organic dyes is
the relatively low photon flux necessary for ‘on’ < ‘off” optical switching. This property makes them
attractive in biological research, as possible phototoxic effects related to light exposure of the living
system are diminished. The trade-off is a rather slow switching kinetics. Furthermore, fluorescent
proteins typically feature lower brightness than organic dyes, which compromises the contrast. These
drawbacks are especially severe in point-scanning optical nanoscopy with reversibly photoswitchable
fluorescent proteins, resulting in relatively slow image acquisition.

Alternative probes for optical nanoscopy are nanocrystals, including color centers in nanodia-
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Figure 2.5: Emitters imaged by super-resolution microscopy techniques. (a) Organic dye ATTO647N. (b)
Green fluorescent protein (GFP) with a barrel-like structure of amino acids surrounding the chromophore (red).
(¢) Schematic drawing of point-like NV impurity in a nanodiamond crystal lattice. (d) Schematic drawing of a
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monds ", excitonic quantum dots and upconversion nanoparticles 4. The major advantage
over the aforementioned fluorophores is a higher brightness and robust photon emission. The bene-
fits come in line with challenges related to their rather substantial size (~10nm), complicated surface
chemistry necessary to accomplish bio-targeting, limited cell permeability and often increased toxicity.
Because of that, the potential of nanocrystalline particles in live imaging is still controversial.

The most successful emitters imaged by coordinate-targeted super-resolution microscopy are the
atomic-scale defects in the diamond crystal lattice called NV centers. One or more defects can be
implanted in the bulk material or in form of nanodiamond particles. Nanodiamonds can be synthesized
with a size down to a few nanometers, as presented schematically in Fig. 2.5c. The pure diamond
crystal is a transparent material with a broad transmission range, due to a large bandgap of ~5.5eV. The
variety of diamond colors result from many different impurities in the crystal structure (color centers).
The NV center is the most popular impurity, constituting a nitrogen atom (in the carbon position) next
to a charged vacancy site. The electrons of this defect form a triplet system which can be excited by
photons in the visible spectral range. Upon excitation, the NV center emits bright, red fluorescence
that is easily detectable even from individual impurities at room temperature. As the emission results
from relaxation of a higher excited triplet state, the fluorescence lifetime is relatively long (tg=11 ns).
Typically, neither transient emission intermittency (blinking) nor permanent bleaching is observed,
as the color centers are protected from the environment by a very rigid diamond crystal structure.
However, for small nanodiamonds (~5nm in size) emission intermittency can occur'“>. Moreover,
the electron spins of NV centers can be easily polarized by external perturbations, such as magnetic
fields or microwaves, and read out by changes of the fluorescence signal. Therefore, nanodiamonds
with NV centers are particularly interesting as biolabels or nanosensors of local electric and magnetic

fields with single-electron field sensitivity.
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The very rapid growth of nanotechnology brings novel particles with optical properties that can
be utilized to accomplish super-resolution imaging. One type of particles are photoluminescent
quantum dots (QDs). Photoluminescent QDs are semiconducting nanoparticles which, as a result
of small dimensions, restrict the free motion of excited electrons normally occurring in the bulk
material. The restriction of motion in three dimensions results in discrete electronic energy levels. The
relative separation between the different electronic states depends on the geometry of the nanoparticle.
Thus, QDs’ energy structure is similar to that naturally occurring in atoms and molecules. This
cluster of atoms effectively acts as one giant particle and is often referred to as an ‘artificial atom’.
Photoluminescence in QDs can occur upon promotion of a valence-band electron to an empty excited
state in the conduction band by, for instance, absorption of a photon. The excited electron leaves the
empty energy state in the valence band called an electron hole. The hole has a net positive charge
and is attracted to the excited electron by the Coulomb interaction. The electron-hole pair creates a
quasi-particle called an exciton. Exciton energy can be released by recombination of the electron with
the hole, accompanied by emission of a photon. The properties of electron-hole pair recombination,
such as lifetime or spectra, can vary for a given material composition with the size of the nanoparticle.
This effect is called quantum confinement and occurs when the size of the nanoparticle is on the
order of the physical separation between electron and hole in bulk material given by the exciton Bohr
radius. QDs have a relatively narrow emission band (<50 nm), which is advantageous in multiplexing,
as different labels can be separated with low cross-talk between individual color channels. The
significant difference between QDs and common fluorophores lies in very broad absorption spectra
of the former. QDs at room temperature can absorb nearly any photon with an energy higher than the
bandgap. The absorption cross-section increases approximately linearly with the excitation photon
energy. This feature is advantageous in conventional optical microscopy, where multiple labels can
be excited with just a single UV laser, but it becomes problematic with strategies like STED '%.
STED-light photons applied with the intention to de-excite often cause increased excitation of the
emitters by multiphoton absorption. Another problem is the QD emission intermittency (blinking).
Widely accepted blinking mechanisms are associated with either light-induced charging of the QD
core (opening nonradiative Auger-like recombination channels) or electron-accepting surface sites
which could intercept the electrons '°>!%*, The second type of blinking is related to tunneling of ‘hot’
electrons outside the nanocrystal core and can be suppressed by a wider bandgap semiconductor shell
of a proper thickness. Despite some attempts >, the relatively short lifetime of QD ‘off> states makes
it difficult to employ this property in coordinate-stochastic super-resolution microscopy.

The last emitters mentioned here are upconversion nanoparticles. Upconversion is anti-Stokes
emission upon excitation by absorption of several low-energy photons. This behavior is characteristic
of nanocrystals doped with ions such as thulium or praseodymium. The advantages of using such
emitters in microscopy lie in their high photostability and ability of background-free fluorescence
imaging, resulting from the relatively long excitation wavelength. Upconversion nanocrystals can be
synthesized with a size of down to ~10nm. Their optical properties, such as a long lifetime'* or a

photo-avalanche-like effect between adjacent ions within a single nanoparticle ', make it possible to
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acquire subdiffractional images at relatively low light intensities.

2.3.2 GaP-GalnP heterostructured nanowires

The term ‘nanowires’ (NWs) refers to high-aspect-ratio nanostructures with a diameter of <100 nm
and length from several to hundreds of micrometers. The properties of the material at the nanoscale
differ from the properties of the same material in bulk. Thus, NWs are often characterized by enhanced
optical and elastomechanical properties, ballistic electrical conductivity or exceptional sensitivity to
environmental conditions related to their substantial surface-to-volume ratio'%>. Of particular interest
are semiconductor NWs, as their electro-optical properties can be tuned by changing the material
composition. The most common NWs are built from III-V semiconductor compounds. Their absorp-
tion and emission spectra can cover nearly the entire visible and infrared spectral range. Additionally
to the broad choice of materials, NWs can be synthesized as heterostructures by substituting two or
more alloys within a single wire in axial or radial (core-shell) direction.

Due to their aforementioned unique properties, these nanoneedles have gained considerable at-
tention in many areas of science and technology, including biological research. In biology, NWs
have been used for cell guidance, as injection devices and as sensors of local electric fields or local
forces at the cell scale (see reviews, ref. !°%197). The mechanisms of interaction between the inorganic
nanomaterials and a living system, however, are not yet fully understood '’®. NWs, due to excellent
controllability of their synthetic growth, are a promising model sample in nanotoxicity studies'?”. All
of these applications necessitate visualization methods suitable for biological conditions.

In this thesis, gallium phosphide—gallium indium phosphide (GaP-GalnP) axial heterostructured
NWs are studied. The widely used semiconductor GaP has an indirect bandgap, which means
that, upon electronic excitation, the optical relaxation requires an involvement of the crystal lattice
vibrations called phonons. This process occurs with a very low probability and therefore GaP
photoluminescence is typically not observed**. On the other hand, the GalnP alloy has a direct
bandgap for InP concentration >0.3 el 110 The electron-hole recombination over the bandgap results
in a bright and robust photoluminescence signal at room temperature. The bandgap and thus the
photoluminescence spectrum can be tuned from the visible to the near infrared region (560—920 nm)
by changing the molar fraction of indium.

Inherently luminescent GaP—GalnP heterostructures have been grown to overcome the challenges

of NW visualization encountered in previous studies**.

For example, NWs imaged by scattered
photons featured a low contrast. In biological specimens, they could be easily confused with other
scattering components. Better contrast has been achieved by targeting the NW’s surface with fluo-

rescent probes %!

. The use of organic molecular probes, however, limits time-lapse studies due to
photobleaching and also influences the surface chemistry of the wires. The NWs’ morphology and
surface chemistry are expected to play a crucial role in their nanotoxicology. Combination of non-
luminescent GaP and luminescent GalnP segments within a single wire creates a distinctive barcode
pattern, which can be employed for visualization and identification of nanowires featuring different

chemical and morphological properties in cells and tissues**.



26 2.3. GSD nanoscopy with emitters resistant to photobleaching

In general, there exist two approaches to produce nanowires: the top-down and the bottom-up
approach. The top-down approach reduces the size of an initially big object to create a nanometer-
scale structure. It is used relatively rarely, for example, to produce an optical NW by stretching

the optical fiber'!!

. The bottom-up approach is more popular, a good example being metalorganic
vapor phase epitaxy (MOVPE). MOVPE relies on chemical vapor deposition on a base substrate. All
NWs investigated in this thesis were grown at the Center for Nanoscience of Lund University using
MOVPE. MOVPE provides a high degree of control, flexibility and reproducibility of the synthesized
nanostructures. The 1D NW growth was assisted with catalyst gold particles placed on a GaP substrate.
The diameters of the deposited Au-particles roughly correspond to the final NW diameters. Next, the
substrate was placed in the MOVPE reactor chamber and precursor gases were added at controllable
flow rates. At temperatures of >400 °C, eutectic droplets of the metal particles and the reactant gases
were formed, followed by the deposition of the semiconductor material underneath the gold particle.
The wires’ length depends on the reaction duration. By changing the composition of the precursor
gases, axial heterostructures with designed segment compositions and lengths were formed.

All NWs studied here were detached from the GaP substrate by sonication and deposited on the
cover glass. Examples of conventional confocal images of GaP NWs containing a single photolu-
minescent GalnP segment are presented in Fig. 2.6a,d. The excitation wavelength equals ~700 nm.
The confocal images show the scattered excitation light (gray) overlapping photoluminescence signal
from GalnP segments extracted by a longpass filter (red). The photoluminescence signal provides
significantly higher contrast than the scattered light. In the case of relatively large GalnP segments
(such as in Fig. 2.6a), neutral density filters had to be placed in the detection path to avoid saturation
of the detector. When the size of the luminescent segment is decreased, the signal scales roughly
proportionally to the GalnP volume. As the large GalnP segments are very bright (Fig. 2.6a), we were
able to measure the photoluminescence spectrum from the single GalnP segment (Fig. 2.6b). GalnP
photoluminescence had a central wavelength of 760 nm and a bandwidth <70 nm. Due to poor time
resolution of the detector, the photoluminescence lifetime (Fig. 2.6¢) was only roughly estimated to
<100 ps. The detector time resolution was measured as the instrument response function (IRF) to an
ultrashort laser pulse (7500 fs).

Even short GaInP segments featured robust emission. An image of 20x20 um? (512x512 px?) in
size with a pixel dwell time of 0.5 ms can be collected repeatedly over hours with a relatively high
excitation power Pex.=1.5 mW at 80 MHz repetition rate and an excitation pulse duration of Texc=5 ps
(Fig. 2.6d). The brightness of GalnP segments in sequential frames is plotted in Fig. 2.6e,f. Despite
the differences of parameters between the brightness measurements for NWs and those of molecular
probes presented previously (compare Fig. 2.6e,f to Fig. 2.4d black lines), it is apparent that the
internal GalnP photoluminescence offers a superior photostability over fluorescent beads.

GaP-GalnP NWs with diameter smaller than 40 nm exhibit emission intermittencies. The signal
fluctuation decreases with increased excitation power (Fig. 2.6g,h). For artificial structures, emission
intermittency is expected to occur when their size approaches the exciton Bohr radius of the material.

For GalnP, the exciton Bohr radius equals ~4—10 nm.
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Figure 2.6: Heterostructured GaP—GalnP nanowires with a single GaInP photoluminescent segment. (a-
¢) GaP nanowires with a relatively long GalnP segment. Conventional optical microscopy image, the gray scale
represents the scattering signal and the red scale represents photoluminescence (a). GalnP photoluminescence
(PL) spectrum (b). GalnP photoluminescence lifetime measurement (red) with instrument response function
(IRF, gray, Tjiuer~430ps). (d-f) GaP nanowires with a short GalnP segment. Example of a scattering (gray)
and photoluminescence (red) image (d). Normalized brightness of nanowires in consecutive frames showing
the excellent photostability (e,f). Exc: Aexe=700nm, Texc=5ps, Pexc=1.5 mW, repetition rate: 80 MHz, FOV:
20%20 pm2 (512x512 pxz), dwell time: 0.5 ms. All scale bars: 2 um. (g,h) Emission intermittencies detected
for nanowires with different diameters for excitation powers Pexc=50uW (g) and Pexc=750 pW (h).

The short luminescence lifetime and the absorption cross-section of GalnP did not allow us
to improve the far-field optical resolution using the STED concept. STED-light photons applied
within the photoluminescence emission spectra caused an increase of the registered signal, indicating
excitation of GalnP by the STED beam (data not shown). The high photostability of the GalnP
photoluminescence encouraged us to use a complementary super-resolution method called ground

state depletion (GSD) microscopy.

2.3.3 Principles of GSD microscopy

Ground state depletion (GSD) microscopy is a superresolution method complementary to STED
microscopy, proposed by Stefan Hell in 19954, Several years later, the applicability of this concept

to organic fluorophores was proven experimentally ''?. The imaging scheme is very similar to STED
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microscopy, however, separation of the states is mediated by the process of optical excitation rather
than by stimulated emission. The doughnut-shaped GSD beam is applied to deplete the ground state
by optical shelving into an excited state, everywhere except at the targeted coordinate, where the beam
intensity ideally equals zero. Originally, the GSD concept was proposed to utilize the transfer of
fluorescent emitters from the ground state Sy to a metastable long-lived dark state, as for instance
the first excited triplet state 77 naturally occurring in molecular dye probes. The molecular shelving
into 7 can be indirectly controlled by the excitation light, seeing that with each optical transition a
small fraction of the excited molecules will eventually undergo intersystem crossing (So—S;~»T1).
Thus, the efficiency of this process depends on the intensity of the excitation GSD beam, which
populates S; and effectively provides the ground state depletion. Upon separate illumination by a
second weaker Gaussian-shaped probe beam operating at the same wavelength, molecules trapped in
T cannot generate fluorescence signal (‘off” state). Only molecules nearby the coordinate targeted
by the minimum of the GSD beam remain in the singlet system (‘on’ state) and can interact with

the probing light. These emitters can be promoted to the first excited singlet state (So—S;) and emit
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Figure 2.7: GSD nanoscopy. (a) Scheme of the GSD microscope. (Obj: objective lens, 1/4: quarter-wave
plate, DM: dichroic mirror, HPP: helical phase plate, L: tube lens, MMF: multimode fiber, APD: avalanche
photodiode). (b) Jabtoriski diagram of an organic molecule showing the relevant electronic states: excitation
(Exc) and spontaneous relaxation by fluorescence (Fluo). (c) Point spread function of the excitation beam in
lateral (xy) and axial (xz) directions, as measured by scattering of a 80 nm gold bead. The scattering signal was
measured on a photomultiplier tube (path not shown in (a)). The excitation wavelength was 720 nm. (d) Raw
data image of red-emitting fluorospheres (715 nm/755 nm; maximal absorption and emission, respectively)
with a diameter of 80 nm. The average excitation power equals ~500 uW at 80 MHz. (e) Bead positions from
image (d) restored by Wiener deconvolution with PSF (inset) estimated from a single bead image. Scale bars:
500 nm (c), 1 um (d,e).
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fluorescence signal. The volume of the effective ‘on’-state emitters, which governs the resolution,
can be significantly smaller than the diffraction limit, depending on the intensity of the GSD beam.
The general concept of GSD microscopy is not restricted to the metastable dark state. Any excited
molecular state which population depletes the ground state can be employed to increase the optical
resolution. The very same idea was applied later in saturated structured illumination microscopy
(SSIM) '3, where ground state depletion occurs by optical shelving of emitters in the first excited
singlet state S} in a spatially parallelized manner. Employment of a long-lived dark state has the benefit
of a more intuitive imaging modality which, unlike SSIM, does not necessitate any post-acquisition
processing of data. The drawback is a limited speed, as for the point-to-point image acquisition
markers trapped in the triplet state have to be able to return to the singlet system.

For some fluorophores, the triplet state cannot be efficiently populated due to a low probability
of ISC. In this case, ground state depletion can be realized by shelving the emitters in the first
excited singlet state S7. Such a simple realization of the GSD concept is presented in Fig. 2.7. The
experimental setup is very similar to that presented previously for STED microscopy (see Fig. 2.1).
The doughnut-shaped excitation (GSD) focal spot is generated by a helical phase plate (HPP, Fig. 2.7a).
To ensure a high-quality doughnut ‘zero’ and uniform interactions of photons with randomly oriented
molecular dipoles, the beam features circular polarization in the focal plane. The image is created
by point-by-point scanning and collection of the fluorescence signal map. Confocal detection is
realized by a multimode optical fiber (MMF) to increase the image contrast in the axial direction.
The possible molecular energy states are simplified to the ground state Sy and the first excited singlet
state S (Fig. 2.7b). For an excitation rate significantly higher than the fluorescence rate, depletion
of emitters from Sy to S; is possible. At such high excitation intensities, the molecular response
(fluorescence) to the excitation light is no longer linear. In this case, the fluorophore image represents
the convolution of a molecular response function at the given excitation intensity and the diffraction-
limited doughnut-shaped excitation focal spot (Fig. 2.7c). An example of a GSD raw-data image
of red-emitting fluorescent beads is presented in Fig. 2.7d . The GSD variant discussed here has
a ‘negative’ modality as the information about the molecular position is encoded in the minimum
of the detected signal. The effective width of the dip, i.e. resolution, depends on the properties
of the utilized optical transition. A more intuitive representation of the emitter positions can be
retrieved after deconvolution (Fig. 2.7e, Wiener filtering). It is important to note that emitters at the
doughnut crest will be subjected to significantly higher intensities than are necessary for shelving
them in S;. The success of this strategy in practice depends on how well the emitters can tolerate
the light exposure. This method, even though experimentally simpler than STED, is usually strongly
limited by photobleaching. Thus, the GSD concept has been realized only in special cases of low or

negligible photobleaching, with NV centers in the diamond lattice*''*

112

, some organic fluorophores at

16

room temperature '~ and organic fluorophores at liquid helium temperatures '°.
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2.3.4 Resolution scaling with excitation photon flux

The resolution enhancement in the simplest version of GSD microscopy, which utilizes just the ground

state Sp and the first excited state S;, can be derived from the population of S; described by
I — Teeloe gy oy, (2.14)

where 0. is the optical cross-section for ground state absorption at the excitation wavelength, oy is
the intensity of the excitation (GSD) beam, 7w is the photon energy, yﬂ:Tl—ﬂ is the fluorescence rate
with 7y the fluorescence lifetime. If we assume that the molecules remain either in Sy or in S state

we have Sp+S51=1 and Equation 2.14 can be rewritten as a first-order differential equation
dSl + (U—exc exe Yﬂ)Sl — O—exc[exc (215)

Assuming the initial population in the excited state S;(#=0)=0 and a rectangular excitation pulse with
intensity lexc acting in the time window 0<7<t, the population of S; just after excitation pulse is given
by

Si(t) = ae (] — g~ (WeetynT) (2.16)

Wexe t¥fl
where the excitation rate wexczfr%f’“. For excitation pulses significantly longer than the excited-state

lifetime (7>>1y) or relatively high weyc, the equation simplifies to the steady-state population of S;

given by
~ & — Iexc
Sl (Iexc) ™ Wexe v Texc+1s (217)
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Figure 2.8: Resolution scaling in GSD microscopy. (a) Resolution scaling with GSD intensity for a pulse
duration of 7e.=3.5ns. Gray dots represent resolution calculated numerically from Equation 2.16 (inner dip
diameter, FWHM); dashed red line is a fit of the given expression to the numerical data. (b-d) Excitation beam
profile (dashed black line) and effective fluorescence (green) for the peak intensity Ipeak=Isar in (b), Ipeak =101y
in (c) and Jpeax=1001s, in (d).
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with characteristic intensity
the effective PSF is described by

. The population of S| corresponds to the detected signal r and
h Lexe (1) 2.18

eff(r) o (r) o 5T (2.18)

Nearby the targeted coordinate, the excitation intensity minimum can be approximated by the parabola

(see Equation 2.4)
Texe(r) & Tyeak 25 (2.19)

b)
"o

where wy is the Laguerre-Gaussian beam parameter. The GSD resolution Ad.g can be calculated from
the FWHM of heg(r) as

Ader ~ wo[ 2 (2.20)

Tpeak
For an excitation wavelength of 700 nm, an absorption cross-section of an organic fluorophore
Texe=1 X 1071¢ cm? and a fluorescence lifetime 73=3.5 ns, the characteristic intensity is ;=811 kW/ cm?.
The resolution gain in GSD microscopy as a function of the excitation peak intensity for an excitation
pulse duration of 7exc=3.5ns is shown in Fig. 2.8. A substantial resolution enhancement requires

excitation intensities Jpeax>101;.

2.3.5 Influence of the excitation pulse duration on the GSD image

In GSD microscopy, spontaneous relaxation competes with emitter shelving in the excited state.
Efficient shelving necessitates a sufficient number of excitation photons applied ideally within a time
shorter than the time for spontaneous relaxation 7;. Application of relatively long excitation (GSD)
pulses results in an inefficient use of photons, as within the pulse duration some markers are able
to relax to the ground state and need to be promoted again to the excited state. Therefore, long
GSD pulses (7exc>>T17) necessitate more photons to provide optical shelving and generate a higher
fluorescence signal than short GSD pulses (Texe <77).

As an example, saturation of the luminescence signal (fluorescence or photoluminescence) for a
different excitation (GSD) pulse duration is considered. The emitter states are simplified to a 4-level
system, including the ground state Ej, the excited state E1 and the corresponding vibrational excited

states Ej, E|, as shown in Fig. 2.9. The dynamics of the system is described by the set of rate equations

LE" = Wee(Eo — E1*) = ynEr* (2.21)
LE1 = yvinEr" = nE

LEy = yE) = vinEo*

LEo = yuibEo™ — Wexc(Eo — E1*)

where y:%, 7 is the lifetime of the state, wexcz%, Oexc 18 the excitation cross-section, ey is the

excitation intensity and #w is the photon energy. Assuming a luminescence lifetime of 7;,=1ns, a
fast vibrational relaxation of 7j,=0.0017;=1 ps, an excitation wavelength of 700 nm and an excitation

cross-section of gexe=1 % 106 cm?

numerical solution of the equations leads to the molecular response
functions presented in Fig. 2.9a. The efficiency of optical shelving is the highest for the shortest pulse

duration 7ex.=0.17. For an excitation pulse with a time-averaged power of Pex.=5mW at 80 MHz
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pulse repetition rate, the expected GSD resolution equals Ad.g=88 nm. Longer pulses provide higher
signal and lower resolution for the same number of excitation photons provided. Fig. 2.9b contains two
images of the same GalnP segment incorporated in the GaP NW, at constant excitation time-averaged
power for CW operation and pulsed excitation with ~5 ps pulse duration. Both signal and resolution
are clearly dependent on the photon flux applied. The optimal imaging conditions depend on the
dominant mechanism of light-induced damage. Photodamage proportional to the pulse energy (e.g.,
heat) favors relatively short excitation pulses (~0.17;). Longer pulses should be applied in case of a

high-order photodamage mechanism.
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Figure 2.9: GSD imaging with different excitation pulse lengths. (a) (top) Luminescence signal saturation for
different excitation pulses e (results of numerical integration of Eq. 2.21). The luminescence lifetime equals
7;. The inset represents the relevant energy states (see text). (bottom) Calculated GSD point spread functions
for different excitation pulse lengths at a constant excitation power of Pex.=5mW at 80 MHz repetition rate.
(b) GaP-GalnP nanowire with a single GalnP segment imaged by continuous wave (CW) and pulsed excitation
at a constant time-averaged power of Pe.=2mW. Excitation pulse duration: 7ex.=5 ps; the pulse repetition
rate: 80 MHz. The pink arrow indicates the direction (x) of the selected intensity profile lines. Short excitation
pulses provide better optical shelving, reflected by more narrow intensity dips and lower photoluminescence
(PL) signal. Scale bars: 200 nm.

2.3.6 Restoration of emitter distributions from the GSD image

The GSD microscopy discussed here provides raw-data images in a ‘negative’ modality, as the emitter
positions are encoded in the detected signal minima. Mathematically, an image g(r) formed in a raster
scanning GSD microscope is described by the convolution of the effective PSF hgsp(r) and the real

emitter positions fopi{0(r — r;)} in the sample

g(r) = hgsp(r) * fobj{o(r — r;)}. (2.22)
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where r; are the positions of the molecules and * denotes the convolution operator. In GSD microscopy,

the effective PSF hgsp is dependent on the ‘on’ < ‘oft” state dynamics and given by

hgsp(7, Iexc) = hpsp(r) * hobj(d Iexe), (2.23)

where hpgr is the diffraction-limited (linear) excitation PSF and h,p; denotes the response function of
the point-like emitter to the given excitation intensity lexc.

A map of the emitters’ distribution foj(7) can be approximately restored from the raw-data GSD
image g(r) by deconvolution. A basic deconvolution algorithm exploits the fact that convolution

corresponds to a multiplication in Fourier domain

Ggsp(V, Iexc) = Hgsp(v, Iexc)Fobj(V) (2.24)

where Ggsp, Hgsp, Fobj are the frequency representation of ggsp, hgsp and fop, respectively. The
estimation of the exact object distribution can be described by

foni(r) = FH{Fony(v)} = 9"1{—‘;0”(“”)}, (2.25)

Hgsp (Vs lexc)

if Hgsp(v, Iexc)#0and .% ~! denotes the inverse Fourier transform. Itis very unlikely that Hgsp (v, Iexc)#0
for all frequencies. Thus, presented above simple approach requires additional regularization param-
eters to minimize related artifacts. Moreover, both the estimated effective PSF Hgsp and registered
image Ggsp are affected by presence of the measurement noise. Artifacts are visible as wave patterns
(‘ringing’) around edges of the retrieved object positions (see restored image by Wiener deconvolution
in Fig. 2.7e). Additional artifacts originate from the image boundary conditions. Signal disconti-
nuities, between right-left and top-bottom borders of the image result in horizontal and vertical
oscillations (‘stripes’) propagating trough the restored image. The most widely used deconvolution

115 116,117

algorithms are Wiener filtering ' > and Richardson-Lucy deconvolution
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Concluding discussion

This research examined the impact of STED-light photon flux on the photobleaching of several com-
mercially available organic dyes (ATTO647N, STAR635P, ATTO590, STARS80) in bulk experiments
in thiodiglycol. The observed effects of STED-light induced photodamage varied among the investi-
gated dyes. In general, we observed two characteristic bleaching regimes for a constant STED pulse
energy, which roughly corresponds to a given factor of resolution enhancement: STED-intensity-
dependent photobleaching and STED-intensity-independent photobleaching. For ATTO647N the
(bulk) photobleaching measurements revealed a single effective scaling with the STED intensity
oc [ SI;FAED’ indicating a significant involvement of higher-excited molecular states in STED-light-induced
damage. We proposed an intuitive photobleaching model for this dye, which provides a link from
the bulk results to STED imaging conditions. This model can predict the attainable resolution and
spatially-dependent photobleaching probability at different STED intensity levels. We showed that the
high-order photobleaching component is minimized by increasing the STED pulse duration. To main-
tain the maximal resolution at a given STED pulse energy, the fluorescence detection gating has to be
adjusted to the STED pulse duration. The optimal STED pulse length depends on the photobleaching
scaling with the STED-light intensity and has to be optimized for a particular molecular probe and its
microenvironment. These results rationalized the evident success of super-resolution imaging demon-
strated with ~1ns STED pulses’®. Moreover, this work revealed that recently demonstrated image
acquisition strategies as MINFIELD”® or DyMIN®’ could benefit from using relatively short STED
pulses (~10-100 ps), as the high-order photodamage component associated with excessive intensities
present at the STED doughnut crest is already minimized. The application of shorter STED pulses
would make it possible to collect more fluorescence signal at the coordinate targeted by the STED
beam minimum, since detection gating is not necessary. Signal increase would shorten the necessary
STED-light exposure time per pixel to acquire a suitable signal-to-noise ratio and therefore reduce
photodamage.

Due to the complexity of the photobleaching process, we have limited the investigations to STED
microscope operating at the commonly used de-excitation wavelength of 750 nm. The choice of dyes
(listed above) was restricted by the laser spectral properties. All measurements were conducted for
a single environment of the molecular probes (thiodiglycol). These limitations should be addressed

in follow-up studies. For example, optimization of the stimulated emission spectral window could
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diminish the damage mediated by particular optical transitions of the markers induced by absorption
of STED-light photons. Unfortunately, the excited-state absorption spectra (in the singlet and triplet
systems) at the STED wavelengths are often unknown for commonly used STED probes. Moreover,
at high STED pulse energies, required for currently accessible resolutions of ~20 nm, a significant
part of photobleaching is likely mediated by one-photon excitation of ‘hot’ molecules by photons
from the STED beam. These events are not apparent in the STED experiment because of efficient
de-excitation occurring in parallel, and also due to the confocalized detection system, which rejects
a large part of the signal generated outside the targeted coordinate. The photobleaching initiated by
one-photon absorption of ground-state molecules can be diminished by shifting the STED operation
to a longer wavelength which is further away from the absorption maximum of the fluorophore. This
approach reduces in the same time the stimulated emission cross-section. However, the roughly
exponential decay of the thermally broadened red edge of the absorption spectral band is typically
faster than the decay of the stimulated emission cross-section with STED wavelength. Additionally,
the STED-light-mediated excitation of ground-state fluorophores is expected to be diminished at low
temperatures. Low temperatures should freeze the Boltzmann broadening of the absorption spectral
lines and allow to provide STED photons closer to the maximum of stimulated emission cross-section.
The low-temperatures conditions, however, are less relevant in the biological context. Moreover, the
photophysical properties of the molecules are different than at room temperature (e.g., longer lifetime
of the lowest triplet state) and may require the modification of currently existing imaging schemes.
Our experiment did not discriminate singlet-system photobleaching from triplet-system photo-
bleaching. Additional data on the photobleaching scaling in singlet and triplet systems with STED
intensity would be of great interest. Techniques such as fluorescence correlation spectroscopy could
bring new insights. The triplet-mediated damage can be significantly reduced by application of low

1 or chemical triplet quenchers?’.

repetition rate lasers >’’’ fast scanning over a large field of view
After reduction of the triplet-mediated bleaching, any considerable high-order photobleaching could
be lowered by application of relatively long STED pulses.

Further photobleaching studies of organic dyes and fluorescent proteins, especially in aqueous
environments, could advance the capabilities of STED microscopy in biological systems. Research
on the photobleaching of fluorescent proteins revealed the involvement of higher excited states in
photobleaching under conventional confocal microscopy conditions®, indicating that long STED
pulses could reduce photobleaching also for many of these emitters. However, little is known about
the photobleaching of fluorescent proteins induced by light at the STED wavelengths, and further
studies are necessary.

Reducing photobleaching of the fluorophores would make it possible to provide more STED
photons to the sample and, therefore, increase the currently achievable resolution. Further increases
require a better spatial definition of the STED doughnut minimum. At the currently applied STED
energies, a significant part of the signal generated at the targeted coordinate is affected by the residual
STED intensity in the minimum (causing stimulated emission). New experimental protocols to vali-

date and improve the STED beam quality would, therefore, be valuable.
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The second part of this thesis demonstrated the use of GSD nanoscopy to image emissive GalnP
segments within a non-emissive GaP nanowire. We have shown a 5-fold lateral resolution enhancement
over conventional confocal microscopy. By using just a single laser beam at a wavelength of 700 nm
(featuring low cellular toxicity) with a moderate power of ~3 mW (pulse duration 7=5 ps, repetition
rate 80 MHz), we resolved different geometries of GaP—GalnP nanowire barcodes with diameters of
20—-80nm. We put an emphasis on studying the influence of barcode geometry on the GSD image
contrast. These findings should be relevant for applications of heterostructured nanowires in biological
systems, as well as in other fields.

The combined super-resolution imaging of biological structures labeled with fluorophores and
GSD imaging of heterostructured nanowires entails several challenges. A careful choice of the
fluorescent markers is required. The GSD beam should ideally interact only with NWs and not with
other molecular probes present in the sample. The spectral properties of the fluorophores should avoid
one- and two-photon excitation events from GSD pulses of relatively short duration. Even in case of
molecular excitation by GSD-light, the photoluminescence signal from nanowires can be decoupled
from the fluorescence signal by lifetime differentiation using detection gating. The NWs investigated
in this study featured emission lifetimes of ~10 ps, which is several orders of magnitude shorter than
the fluorescence lifetime of common fluorescent probes (~1-5ns). In addition, time gating can be
employed to image fluorophores and nanowires with overlapping emission spectral composition.

The limiting factor to further resolution improvements in the GSD imaging demonstrated here is
related to the light-induced damage of photoluminescent GalnP segments. At certain GSD powers
of ~3-7mW, we observed an abrupt and irreversible loss of the photoluminescence signal. The
mechanism of photodamage is not yet understood. Further quantitative studies of the NWs’ photo-
damage could enable the development of new procedures for nanostructure synthesis. For example,
axial coating of GaP—GalnP nanowires by a higher bandgap semiconductor (core-shell engineering)
could protect the GalnP electrons from chemical reactions with the local environment. Quantitative
studies, however, require more detailed information on the GalnP crystal structure before and after the
GSD-light-induced damage. Energy dispersive X-ray spectra and low-temperature photoluminescence
spectra may bring new insights. Such additional data would make it possible to study the influence of
dopants and surface defects on GalnP photostability for different nanowire geometries. In the current
work, we were not able to address these issues, as even for identical growth parameters the consecutive
GalnP segments within a single nanowire exhibited significant differences in the photoluminescence
strength, likely indicating a difference in the segments’ material composition.

The imaging of GaP—GalnP nanowires with diameters <20 nm constitutes another challenge.
With the decrease of nanowire diameter we noticed an increase of random fluctuations of the emitted
photoluminescence signal. For ~10nm diameter NWs, we have observed relatively strong signal
intermittencies. This severe drawback did not allow us to resolve the GalnP segments using GSD
nanoscopy in this case. Signal fluctuations can be possibly reduced by core-shell engineering, similarly

as it has been done to reduce blinking in quantum dots '°*!% As signal flickering occurs when the
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nanostructure size is approaching the characteristic excition size (Bohr radius) of a semiconductor
material, imaging of thinner nanowires could be realized by choosing a NW material with a smaller
exciton Bohr radius.

The point-by-point image acquisition scheme applied here is not time-efficient for large fields of
view. However, the moderate power requirements of GSD imaging would allow for parallelization of
the image collection, in a similar manner to the scheme demonstrated for RESOLFT nanoscopy .

Many applications involve nanowire arrays, where nanowires are oriented in parallel to the objec-
tive axis of the microscopy system. An axial resolution enhancement for heterostructured nanowires
has not been demonstrated yet, however, this should be relatively straightforward for GSD nanoscopy,

as the strategy can be replicated from that previously applied in STED nanoscopy >>.
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 InSTED (stimulated emission depletion) nanoscopy, the resolution and signal are limited by the

. fluorophore de-excitation efficiency and photobleaching. Here, we investigated their dependence

. onthe pulse duration and power of the applied STED light for the popular 750 nm wavelength.
In experiments with red- and orange-emitting dyes, the pulse duration was varied from the sub-
picosecond range up to continuous-wave conditions, with average powers up to 200 mW at 80 MHz
repetition rate, i.e. peak powers up to 1 kW and pulse energies up to 2.5 nJ. We demonstrate the

. dependence of bleaching on pulse duration, which dictates the optimal parameters of how to deliver

. the photons required for transient fluorophore silencing. Measurements with the dye ATTO647N reveal

. that the bleaching of excited molecules scales with peak power with a single effective order ~1.4. This

: motivates peak power reduction while maintaining the number of STED-light photons, in line with the
superior resolution commonly achieved for nanosecond STED pulses. Other dyes (ATTO590, STAR580,
STARG635P) exhibit two distinctive bleaching regimes for constant pulse energy, one with strong
dependence on peak power, one nearly independent. We interpret the results within a photobleaching
model that guides quantitative predictions of resolution and bleaching.

Stimulated emission depletion (STED) nanoscopy' is now a well-established method which allows minimally
invasive optical access to length scales of tens of nanometers, in fixed and living biological specimens?. In addi-
tion to the focused excitation beam of confocal laser scanning microscopy, a now widespread implementation of
STED uses a doughnut-shaped de-excitation profile to keep fluorophore molecules outside the central nanoscale
region effectively in the ground state for the duration of detection at a given scan coordinate. The STED light’s role
is therefore to transiently keep molecules non-fluorescent and briefly switch fluorescence “off”. Two key strengths
of STED nanoscopy in comparison to other super-resolution fluorescence methods are the universality of its
resolution-enabling fluorescence off-switching mechanism, allowing STED to operate well with many different
markers, and its ability to image fast dynamics at video rate and beyond*-. The presence of sufficiently intense
STED light guarantees the off-switching of fluorophores by stimulated emission, except at the central intensity
minimum (ideally, a zero of intensity) of the doughnut, where the “on”-state is established. The spatial resolution
in STED nanoscopy is consequently no longer limited by the extent of the focal intensity distribution set by dif-
fraction, but depends on the creation of the “on”-“off” state difference among fluorophores by switching.

To record a super-resolved image by scanning, the fluorescence ability of fluorophores at positions near the
targeted coordinate (region of the doughnut) has to be switched off many times anew, with typical peak intensi-
ties present in the off-switching profile on the order of ~1 GW/cm? (ref. 6). This high irradiance at the doughnut
crest poses challenges, notably the photobleaching of fluorescent markers, in particular of the widely employed
small-molecule organic dyes. Several chemical approaches have been demonstrated to partially mitigate this
problem, including the development of new fluorescent dyes” #, decreasing the concentration of free oxygen to
minimize destructive chemical reactions’®, quenching of the triplet state!?, as well as different optical strategies,

IMax Planck Institute for Biophysical Chemistry, Department of NanoBiophotonics, Am Fassberg 11, 37077,
Gottingen, Germany. 2University of Warsaw, Faculty of Physics, Pastera 5, 02-093, Warsaw, Poland. 3Max Planck
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such as: use of longer STED pulses to avoid multiphoton excitation'!, fast scanners or lasers with low repetition
rates to allow triplet state relaxation between two successive pulses'?™'4, or other approaches which minimize
unnecessary exposure to the intense light'>-"7.

Despite the success of STED methods with different implementations and laser schemes - from pulsed
Ti:sapphire lasers to continuous wave (CW) diode lasers and, more recently, nanosecond pulsed fiber lasers — the
full potential of the STED concept has not been realized. While <10 nm resolution has been achieved for ultrast-
able fluorescent color centers in diamond'® %, closing the gap to molecular resolution for small organic fluoro-
phores that are subject to bleaching remains a challenge. The question which experimental parameters hold the
key to achieving routine STED resolution levels well below the present 20-30 nm mark remains unanswered. One
main reason for this is that it has been difficult to compare different, disparate experiments and implementations
of STED, and conclude on the importance of individual parameters. In general, simultaneous determination of
photobleaching impact and the resolution achieved is challenged by the fact that higher resolution is typically
associated with more pronounced photobleaching. This makes repetitive measurements to gain the necessary
statistics on both quantities difficult to acquire. The situation is even more complicated in biological specimens,
which often feature variable local environments and randomly varying fluorophore distributions. Moreover, the
non-uniform intensity of the doughnut-shaped STED profile in the focal plane causes a spatial dependence of the
STED-beam-induced photobleaching. This spatial variability of bleaching is integrated over in the signal collec-
tion, thus limiting definitive conclusions.

Here, we report a detailed study of molecular photobleaching and de-excitation efficiency in STED nanos-
copy with organic fluorophores. The contribution to signal related to the unwanted absorption of photons from
the STED beam (STED-light-induced fluorescence) is also systematically assessed. We investigated how the
intensity impacts bleaching over a large range of pulse peak powers and energies. Our study was enabled by
thorough experimental design to reduce the variability of conditions and error of measurement. Concretely,
to obtain quantitative results on the impact of bleaching as a function of the flux of STED-light photons, it was
necessary to perform measurements with a nearly uniform spatial light distribution in the focal plane, and in
a bright sample to acquire the necessary statistics in a reasonable measurement time. We also had to assure a
relatively uniform, stable local environment and avoid the fluorescence quenching often observed for densely
labelled biological samples?® or fluorescent beads, as well as the heterogeneity of the single-molecule approach
to photobleaching measurements?'. Measurements with overlapped Gaussian excitation and de-excitation focal
spots inside a non-concentrated dye solution fulfilled these requirements and allowed to obtain quantitative data
for important parameters in STED microscopy, at the popular wavelength of 750 nm applied here: fluorophore
de-excitation (i.e., reversible fluorescence silencing by excited-state depletion), irreversible photobleaching, and
excitation by absorption of STED-light photons (resulting in STED-light-induced fluorescence) for various STED
photon fluxes. Measurements were performed for several commercially available dyes using a fluorescence recov-
ery approach*?*. We modified the pulse duration of STED by spectral phase shaping of the Ti:Sapphire laser
emission by either a spatial light modulator (SLM) for the short pulse regime, or different lengths of optical fibers
for the long pulse regime. In the first case, we were able to create arbitrarily shaped STED pulses of durations up
to a few picoseconds (further increases of the pulse duration were limited by the maximal phase retardation of the
SLM and the finite laser bandwidth). Using the second approach, we controlled the pulse durations up to ~500 ps.
We compared results from experiments across this large range of pulse durations to CW and gated CW (gCW)
STED operation®*-%. Further, we examined the experimental data within a simple photobleaching model, which
predicts the influence of STED photon distributions in imaging. The model allowed us to obtain information that
is difficult to access experimentally, namely the resolution and spatially dependent probability of photobleaching
with respect to the targeted coordinate. The goal was to identify optimal parameters for providing the STED
de-excitation photons (in the time domain), previously studied theoretically”” without including photobleaching,
to collect maximal information from the sample during imaging, while at the same time reducing undesirable
interactions of fluorophores with the photons applied, conceptually, for de-excitation only. When working with
the model to guide choices of future experimental parameters, we were interested in temporal photon distribu-
tions within the natural fluorescence decay of the fluorophores studied. CW de-excitation was not considered
in our theoretical modelling. This modality, while it features technical simplicity and lower cost of implemen-
tation, has the drawback that a constant photon flux acts on the sample also at times when all the fluorophores
are already in the dark “off”-state (no fluorescence is expected), which results in increased STED-light-induced
fluorescence and bleaching during these times.

Methods

Experimental setup. The experimental setup is presented in Fig. 1a. Both the excitation and the STED
pulse were created using a commercial mode-locked Ti:Sapphire laser (MaiTai HP, Spectra-Physics) operating
at 750 nm wavelength with 80 MHz repetition rate and initial pulse duration of ~100 fs (8.5 nm bandwidth).
The excitation pulse (shown in blue), with duration of a few hundred femtoseconds, was generated in a super-
continuum fiber (SCG-800, Newport) and limited to 10 nm bandwidth at 635 nm central wavelength by a laser
line clean-up filter BP (Z635/10X, Chroma). The STED pulse (shown in red) was temporally shaped in differ-
ent ways, depending on the required pulse duration. For short pulses (0.1-3 ps) a home-built prism pre-com-
pressor and pulse shaper were used. The compressor comprised two SF11 prisms which pre-compensate the
later optical elements. The pulse shaper consisted of a diffraction grating DG (2400 lines/mm, PC 2400 NIR,
Spectrogon), a long focal length lens f =400 mm and a liquid crystal spatial light modulator SLM (SLM-5640d,
Jenoptik) in double-pass configuration. Temporal shaping was performed by applying different spectral phases
to the de-excitation pulse. For long pulses (>10 ps), polarization-maintaining (PM) fibers of different lengths
were used (PM630-HP, Thorlabs; PMC-600-4, Schafter&Kirchhoff; PMJ-A3AHPC, OZ Optics). The relative time
between excitation and STED pulses was adjusted by an optical delay line DL (Supplementary Information).
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Figure 1. Experimental setup and measurement principle to extract STED de-excitation, bleaching and STED-
light-induced fluorescence. (a) Microscope with controllable fluxes of STED de-excitation photons. The laser
was a femtosecond oscillator operating at 750 nm. The excitation pulse was generated in a supercontinuum

(SC) fiber. The excitation wavelength was spectrally selected by the bandpass filter BP (635n1m/10nm) and
synchronized to the de-excitation pulse by the optical delay line DL. The STED pulse shape was controlled in
two ways: for short pulses (0.1-3 ps), the optical path consisted of SF11 prisms as pre-compressor and a home-
built pulse shaper. The pulse shaper was formed by the diffraction grating DG, the long focal-length lens and the
spatial light modulator SLM placed in the Fourier plane created by those elements. For long pulses (10-500 ps,
CW), the optical path consisted of polarization-maintaining (PM) fibers of various lengths. CW operation

was obtained by preventing mode-locking of the Ti:sapphire laser, and an additional diode laser was used

as excitation source in this case (path not shown). To register fluorescence recovery curves, the STED beam
intensity was chopped. The excitation (blue) and de-excitation (red) pulses were coupled into the microscope by
dichroic mirrors DM and focused into the sample by an objective lens. The fluorescence (green) was collected
in back-propagation and registered by a hybrid photomultiplier PMT in a confocal arrangement, with the data
acquisition synchronized to the chopper wheel (CH). The insets represent the focal spots of excitation (Exc) and
STED beam, as measured by scattered signal of 80 nm gold beads. The dashed circles correspond to the FWHM
of intensity. (b) Normalized spectral properties of Atto647N and Atto590, with the respective laser wavelengths
for excitation and STED. The detection was centred at 690 nm and had 60 nm width (not shown). (c) Example
excerpt of raw data set for a single measurement (Atto647N), with characteristic levels extracted to derive
bleaching, de-excitation and STED-light-induced fluorescence. Each measurement consisted of three intensity
traces (curves), registered sequentially: excitation-only, excitation with chopped STED and chopped STED only
(acquisition time in each case: ~1005s). Cy, Cg, Cgs, Cs denote respectively: C, the initial signal of fluorescence
(due to the excitation beam), Ci; the fluorescence signal right after end of exposure to the STED beam, Cgg

the residual fluorescence signal in the presence of both the excitation and STED (de-excitation) beam, and Cg
the fluorescence signal caused by the STED light. Signals correspond to respective fractions of fluorophores.
Excitation: ~500 fs pulse duration (FWHM), 30 u\W average power; STED (shown measurement): ~25 ps pulse
duration (FWHM), 50 mW average power. The delay between excitation pulse and STED pulse was ~50 ps. All
powers were measured at the back aperture of the objective lens. The powers in the focal plane were ~70% of
these values due to cut-off at the entrance pupil and transmission of the objective lens.

CW measurements were obtained by suppressing the mode-locking of the Ti:Sapphire laser and using an addi-
tional pulsed excitation laser at 80 MHz (LDH-P-635, PicoQuant). All beams were expanded and coupled into
the microscope using dichroic mirrors DM. The objective was an immersion oil lens of high numerical aperture
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(HCX PL APO 100x/1.4NA, Leica). The excitation and STED focal spots were spatially overlapped, with the
excitation focal spot nearly diffraction-limited and the STED spot enlarged ~1.5 times to ensure a more uniform
illumination across the excitation focus. We realized confocal fluorescence detection, employing a fiber-coupled
hybrid photomultiplier PMT (HPM-100-40, Becker&Hickl) and bandpass filter (HQ690/60, AHF). The STED
beam intensity was modulated by a fast chopper CH (3501 Optical Chopper, New Focus) with rise and fall times
of 30 ps at 4.5 Hz frequency, similarly to early experiments?*?*. The dynamics of fluorescence recovery after stop-
ping the STED beam by the optical chopper allowed us to disentangle the irreversible bleaching and reversible
fluorescence inhibition by de-excitation (Fig. 1c). The fast recovery component corresponds to the fraction of
signal instantaneously silenced by stimulated emission. The slow component is related to translational diffusion
of fresh molecules into the focal spot and its magnitude represents the STED-light-induced photobleaching in the
focal region (see further discussion in the Supplementary Information).

Photobleaching measurements. All measurements were carried out with a stationary focus (to avoid
position drift of the scanning system, as often observed in long-term experiments with molecular layers) placed
into dye solution samples to fulfill uniform chemical conditions. We chose to investigate four commercially avail-
able organic dyes in detail. These were: two standard red-emitting dyes for the STED laser wavelength applied in
this work (ATTO647N, STAR635P), as well as two dyes with spectra shifted to the blue (ATTO590, STAR580).
These dyes were obtained from ATTO-TEC (Siegen, Germany) and Abberior (Géttingen, Germany). The exam-
ple spectral properties of both groups of dyes are presented in Fig. 1b. The fluorophores were dissolved in thiodi-
glycol (2,2’-thiodiethanol, TDE, S(CH,CH,0OH),, Sigma) as obtained from the bottle. The solvent was chosen
such that its viscosity allowed for slow re-diffusion of fresh dye molecules into the focal spot region, and thus
slow fluorescence recovery to compensate for bleached dyes. Long exposure to the STED light (~100 ms at a
time) ensured to include photobleaching mediated by the triplet state (triplet lifetime 7,, &~ 1 us—10 ms) or other
long-lived dark states. All samples were enclosed between a concavity microscope slide and a standard cover glass
sealed with nail polish. Each measurement was taken in steady-state conditions, with signals averaged over ~100s.
One such averaged data set consisted of three intensity traces, obtained separately (Fig. 1c): one for the excitation
beam applied alone, one for excitation light together with the periodically blocked STED beam, and one for the
modulated STED beam alone. All curves were normalized to the initial fluorescence signal registered for excita-
tion light applied on its own (C,). From the characteristic levels Cg, Cgg, Cg, the STED de-excitation (depletion of
excited state) (D), bleaching (B) and STED-light-induced fluorescence (SF) can be derived as follows'":

D1 Crs—C)
Cp 1)
B=1-Cg )
SF = C (3)

The excitation power was kept constant (30 uW) in the experiments described.

Results

STED de-excitation photon flux influence on “on"”-"off” switching contrast and photobleach-
ing. Temporal distribution of de-excitation photons: short de-excitation pulses (0.1-3 ps). To
characterize photobleaching, we investigated the influence of the pulse duration () for short de-excitation
pulses (0.13-3 ps), delayed slightly (7 ps) with respect to the ultrashort excitation pulse. All measurements
were performed for the same dye concentration (10juM) and de-excitation pulse energy (E,=0.125 n], STED
power P=10mW). Results for ATTO647N are presented in Fig. 2a. For de-excitation pulses comparable in
duration to vibrational relaxation of the excited state, the de-excitation efficiency decreases due to unproductive
de-excitation/excitation cycles related to the high STED photon flux, before vibrational relaxation can occur'.
With increasing pulse durations, de-excitation is more efficient. Our data indicates that bleaching is a nonlin-
ear process, as it depends on the pulse duration as (E,/7)"7 ~ 7!, where b is the order of nonlinearity. The
observed nonlinearity results from the interaction of excited molecules with photons that are applied to induce
the de-excitation. Destructive chemical reactions often occur following optical transitions to higher (more reac-
tive) excited states of the fluorophore. The fluorescence induced by the STED beam in this case (ATTO647N) is
nearly negligible (typically ~5% of initial excitation). The observation of increased STED-light-induced fluores-
cence for short pulses (<1.5ps) indicates both a reduction of excited-state depletion and higher involvement of
two-photon absorption compared to the longer pulses.

The order of nonlinearity b for bleaching and the order of nonlinearity sf of STED-light-induced fluores-
cence with intensity can be retrieved as the line slopes in log-log representation (Fig. 2b,c). Analyzing the
dependencies for different dyes gives respective values of the photobleaching order in the range b ~ 1.4-1.9
and STED-light-induced fluorescence sf ~ 1.5-2.2 (Table 1). For the red dyes ATTO647N and STAR635P, the
SF signal was negligible (~5%). For this class of dyes, the major interaction between ground-state molecules and
STED photons is by one-photon, Anti-Stokes linear absorption, which raises hot molecules to the first excited
state. These results are in good agreement with the expected linear absorption cross-section at the used STED
wavelength (~2:107° of the maximal excitation absorption cross-section for ATTO647N) and the low average
STED power (10mW) used in the experiments. Since unwanted excitation by the STED beam at 10mW is negli-
gible (a few percent of initial excitation), most photobleaching processes are initiated by the interaction of already
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Figure 2. Pulse duration influence (0.1-3 ps) on de-excitation, bleaching and fluorescence induced by

the STED beam at 750 nm. (a) Example ATTO647N: De-excitation, bleaching and STED-light-induced
fluorescence vs. STED pulse duration. Hollow data points represent down-chirped STED pulses. (b-d)
Bleaching (b), STED-light-induced fluorescence (c) and bleaching induced by the STED light on its own (d) vs.
STED pulse duration for four dyes: ATTO647N, ATTO590, STAR635P and STAR580. Data is shown in log-log
representation. The magnitude of bleaching by the STED pulse alone (d) was calculated from the reduction

in the STED-light-induced fluorescence signal ((c), inset (example for ATTO590) - see text). Time-averaged
STED power: 10mW. All measurements were carried out for the same dye concentration (10 uM).

IATTO647N 1.52£0.02 1.39+£0.02 1.86+0.05
lATT0590 2.154+0.07 1.89+0.06 3.0240.08
I STARG35P 1.73£0.02 1.35+0.02 2.031+0.04
I STAR580 1.92+£0.05 1.66 £0.04 2.4040.07

Table 1. Orders of nonlinearity for STED-light-induced fluorescence, photobleaching and photobleaching

by STED light on its own, as measured by varying the STED pulse duration over the range 0.1-3 ps. Tabulated
coefficients are retrieved from line slopes presented in Fig. 2b-d, also shown in Fig. 3b,c. Time-averaged STED
power: 10mW (E,=0.125 n]).

excited molecules with STED photons which did not perform the de-excitation within the excitation focal spot.
For both red dyes, the bleaching shows a nonlinear dependence, with order of nonlinearity b &~ 1.4. For the
orange-emitting dyes ATTO590 and STAR580, the STED-light-induced fluorescence was comparable or higher

SCIENTIFICREPORTS |7: 11354 | DOI:10.1038/s41598-017-09902-x 55 5



www.nature.com/scientificreports/

a b
1.0 — cw
. s ATTOBATN
Peak power (W) = 05 * STARB35P
1100 110 11 11 0.11 E ° ATTO580
1.0 2 00 STARS80
| | T oW = &
. - ot il BT e +*
® de-excitation (D) § 1.0 - E~ T L
08}~ | @ bleachitl';g (i?) % 45 = o T "‘f‘?: s
® STED-light-induced fi. (SF) = N ! s
P L 2 -2.0 N e -
E ~ 25 ' T IR I
2 086 -1 0 1 2 3 4
= ¢ log [Pulse duration (ps)]
S o4 e
g ™ 5 . « artosarn| oW
g £ i + STAR635P
Z bl k « ATTO590
5 2 ey % STARS580
é A= - ™
E [F s o
=) = Do A —— W
0.0 S o S T et
0.1 1 10 100 1000 l?—J vo W >
Pulse duration (ps) B 4 | | | T |
2 = 0 1 2 3 4

log [Pulse duration (ps)]

Figure 3. Pulse duration influence on de-excitation, bleaching and fluorescence induced by the STED beam at
750 nm. (a) De-excitation, bleaching and STED-light-induced fluorescence vs. pulse duration for ATTO647N.
CW represents measurements for continuous-wave STED laser operation. The solid lines represent values
calculated within the photobleaching model (Supplementary Information). (b) Bleaching vs. STED pulse
duration for different dyes. The dashed lines represent the orders of photobleaching, with values already
determined for pulses of 0.1-3 ps (Fig. 2). Deviations from this scaling indicate the dominant involvement

of a different photobleaching pathway in these pulse-duration regimes (see text). (c) STED-light-induced
fluorescence vs. STED pulse duration. For organic dyes typically used with the laser wavelengths applied in this
study (ATTO647N, STAR635P), STED-light-induced fluorescence is mainly constant (flat dashed lines). For the
orange-emitting dyes studied (ATTO590, STAR580), significant fluorescence emission induced by the STED
beam occurs via two-photon absorption. Time-averaged STED power: 10 mW (E,=0.125 nJ). Measurements
were performed for a low dye concentration (~0.5-10 uM).

than the excitation signal, and a meaningful de-excitation efficiency cannot be specified (Fig. 2¢). For these two
dyes (ATTO590, STAR580), the mechanism of STED-light-induced fluorescence was two-photon absorption (sf
~ 2, Table 1), manifesting as a strong increase (~1/7) of the STED-light-induced fluorescence signal with shorten-
ing pulse duration (Fig. 2¢). The bleaching showed a higher order of nonlinearity than for the red-emitting dyes,
as it is initiated by multiphoton excitation by the STED beam at 750 nm, which additionally populates the excited
state. Moreover, for all four investigated dyes, the SF signal indicated strong bleaching due to the STED light alone
acting on the molecules (defined as the difference in signal between maximal and minimal induced fluorescence
(Cgmax—Cymin) during illumination by the STED light (Fig. 2c inset and Fig. 2d). Photobleaching due to the STED
beam acting alone exhibited a higher-order dependence than the bleaching of already excited molecules (by the
excitation light), for all four dyes examined (Fig. 2d and Table 1). In this case, the effective order of photobleach-
ing depends both on the order of the STED-light-mediated excitation mechanism (e.g. linear vs. two-photon)
and on the order of the effective photobleaching rate starting from the first excited state with respect to intensity
(related to the dominant photobleaching pathway, e.g. via the first triplet, or sequential absorption steps to higher
states, see below). Interestingly, we observed a noticeable dependence of bleaching and STED-light-induced fluo-
rescence on the chirp of the de-excitation light (Fig. 2a hollow points, see Supplementary Information). Chirped
pulses are characterized by temporal delays of different spectral components along the ultrashort pulse. For
all tested dyes and peak intensities, down-chirped STED pulses (led by the bluer components) showed ~25%
lower SF and ~10% lower bleaching in comparison to up-chirped de-excitation pulses in this short-pulse regime.
Within the measurement error, fluorescence de-excitation was similar in both cases. The error of measurement in
the tabulated data represents the standard error of the line fit in the pulse duration range >500 fs.

Longer de-excitation pulses (>10ps). We extended our investigations to longer durations of
de-excitation pulses (Fig. 3). Here, the delays between excitation and de-excitation pulses were adjusted to approx-
imately the STED pulse duration, ~7 (FWHM), to maintain the highest possible de-excitation (see Supplementary
Information). The STED pulse energy was fixed during all measurements as before (E,=0.125 nJ), concentra-
tions of the dye solutions were in the range ~0.5-10 pM. While de-excitation and STED-light-induced fluo-
rescence were nearly constant for ATTO647N over a large range of pulse durations (10-500 ps) (Fig. 3a), the
non-recovered fraction of signal after STED-beam exposure representing bleaching, B, showed a strong depend-
ence on pulse duration (Fig. 3a,b), being reduced from B =~ 0.5 for ~1 ps pulses to B ~ 0.01 or below for CW
de-excitation. The least bleaching was observed for CW, which also produced the lowest de-excitation: under
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CW conditions only a fraction (~30%) of the STED-light photons act on the excited-state molecules and can
potentially switch off fluorescence at the 80 MHz repetition rate of excitation pulses, acting within the decay
of spontaneous emission (~3.5ns). As for the example ATTO647N (Fig. 3a), the de-excitation efficiency was
nearly constant over a broad range of pulse durations also for the other investigated dyes (not shown). For the
orange-emitting dyes (ATTO590, STAR580), the STED-light-induced fluorescence showed a clear signature of
two-photon absorption from STED pulses over the entire range of pulse durations, while both red-emitting dyes
(ATTO647N, STAR635P) showed STED-light-induced fluorescence at a largely constant level for long pulses
(25 ps to CW) (Fig. 3¢), indicating linear absorption as the dominant STED-light-induced excitation mechanism.

Despite these differences in interaction between ground-state molecules with STED-light photons, pho-
tobleaching clearly depends on the peak intensity for all dyes, and the peak intensity should be as low as possible
to reduce high-order photobleaching (Fig. 3b), while also seeking to maintain sufficient de-excitation. Notably,
for ATTO647N, the bleaching followed a constant scaling law of order ~1.4 over the whole range of pulse dura-
tions (Fig. 3b). However, for the three other dyes examined, the bleaching showed different dependencies than
expected based on the previous measurements in the short-pulse regime (Fig. 3b, dashed lines and deviations
therefrom). This suggests that different photobleaching mechanisms®®?* (low vs. high order) play a limiting role
at different (regimes of) peak powers, with different contributions of multi-step absorption processes of STED
light vs. the constant bleaching (e.g. intensity-independent bleaching mediated by the build-up of the first triplet
state or other dark states).

While there were differences in the absolute magnitudes of photobleaching in comparison to the data pre-
sented above, the order of photobleaching b was found to be similar in both measurement series (compare Figs 2b
and 3b). The offset between them can be explained by different low-order photobleaching (e.g., photobleaching
rate independent of intensity, related, for example, to the triplet state T,). The difference likely arose due to a
change of the solvent (TDE had to be taken from a different bottle for the experiments of Fig. 2 vs. those of Fig. 3,
with possibly slightly different oxygen content). We observed no difference in the photobleaching order with dye
concentration changes (1—10 M) between the measurement series.

Power dependencies. The measurements described above were performed for much lower average power
(10mW) than typically applied in standard STED operation for high resolution levels (>100 mW) at this repeti-
tion rate. The reason is that we desired to perform the comparative study for the whole range of pulse durations.
Yet, at just slightly higher average powers (~13 mW), we had observed a drastic increase in STED-light-induced
fluorescence (likely as a result of photolysis) for the shortest, ~130 fs, STED pulses with peak power ~1.2kW
(Fig. 4a, ATTOG647N), a pulse length regime we desired to include in the series. To explore bleaching under more
realistic STED conditions we further examined the influence of the STED photon flux by varying the average
power for a set of different pulse durations (Fig. 4). Increasing the pulse duration from 130 fs to 200 ps or CW
allowed to apply more de-excitation photons without increasing bleaching (Fig. 4b,c). Regardless of the nonlin-
ear nature of photobleaching shown above for measurements with varied pulse duration (b > 1, Figs 2 and 3),
measurements as a function of STED power Py, revealed a sublinear bleaching dependency ~P” with b < 1
(Fig. 4a—c,e; Table 2), even for de-excitation pulses as short as 130 fs. As previously, we determined the orders
of nonlinearity b and sf for long pulse durations (~25 ps, ~200 ps, ~500 ps) by line fits in log-log representation
for all investigated dyes (Fig. 4d,e). Surprisingly, b and sf did not vary significantly over the investigated range
of pulse durations. Averaged values for all dyes are presented in Table 2, with errors of measurement estimated
from maximal and minimal deviations from the line fit (Fig. 4d,e). The sublinear power dependence of pho-
tobleaching is related to the drastic decrease in occupation of the excited state with increasing STED power (pulse
energy), which masks the underlying mechanism(s) of photobleaching as a function of photon flux (instantane-
ous intensity).

We observed similar photobleaching behaviours for ~200 ps Gaussian pulses and for CW, however, to main-
tain the same de-excitation efficiency, the STED average power has to be ~five-fold higher in the second case.
This mandatory power increase results in increased STED-light-induced fluorescence for the CW case, due to
increased linea absorption of STED photons. Similar de-excitation to 200 ps STED pulses, at the same power level,
can be obtained by applying gated detection (gCW)*> %, at the expense of detected fluorescence signal (Fig. 4c,
hollow points). For the gCW measurements, we registered the signal starting at ~7 /2 after excitation, where
7p=3.5ns denotes the fluorescence lifetime. This meant that the fluorescence signal was reduced by ~40% by
gating. Note that, for gCW, the STED-light-induced fluorescence signal, as detected with gating, is higher than for
CW STED at the same power. The determined bleaching coincided for both cases. Maintaining the same signal
for dim samples requires longer dwell times and would increase photobleaching due to increased exposure times.

Influence of STED photon flux in imaging. We modelled the influence of the STED photons on the
resulting super-resolution image by simplifying the involved molecular electronic states to a standard 4-level
system (Fig. 5a and Supplementary Information). We chose this system as it described the de-excitation efficiency
over the whole investigated temporal range, including population-inversion for short pulses (see reduction in
the de-excitation D for 7 < 5 ps in Fig. 3a). To include photobleaching, we inserted an additional state (3) corre-
sponding to irreversibly bleached molecules. We assumed that photodestruction occurs by interaction of excited
molecules (S,*, S, states) with the STED photons, i.e., molecules in the ground state (Sy*, S,) are chemically
stable, and the bleaching driven by the excitation light is negligible. Initially, all molecules are in the ground state
and can be transferred to the S;* state by linear absorption of photons (from the excitation or STED pulse) or by
two-photon absorption of STED photons. Then, after vibrational relaxation to S;, molecules can relax to S,* by
emitting fluorescence, or be transferred to the state Sy* by stimulated emission, or photobleach to end up in (3.
The paths taken by the excited-state fluorophore depend on the instantaneous STED intensity and probabilities
of each process, which have to be found experimentally. We chose to model the behaviour of ATTO647N, as the
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Figure 4. Influence of STED power on de-excitation, bleaching and fluorescence induced by the STED beam.
(a-c) De-excitation, bleaching and STED-light-induced fluorescence vs. time-averaged power for Gaussian
STED pulses of 130 fs (a), 200 ps (b) duration, and for CW STED (c). The hollow circles in (c) indicate CW
STED operation with time-gating of detected fluorescence (see text). Measurements in (a-c): ATTO647N. (d)
STED-light-induced fluorescence vs. power for different dyes and different pulse durations. (e) Bleaching vs.
power for different dyes and different pulse durations. Note the log-log representation of data in (d,e).

I ATTO647N 0.59+0.04 0.374+0.01
I ATTO590 0.54+0.06 0.94+0.1

l STAR635P 0.49+0.04 0.23:£0.01
I STAR580 0.5940.04 0.5340.03

Table 2. Orders of nonlinearity of bleaching and STED-light-induced fluorescence, as measured by varying the
STED average power. Tabulated coefficients are retrieved from line slopes of the lines presented in Fig. 4d,e.
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Figure 5. Simulation of the STED performance at 750 nm in imaging (based on parameters derived from
measurements with ATTO647N). (a) Simplified model of de-excitation, bleaching and STED-light-mediated
1-photon (1PE) and 2-photon (2PE) excitation processes. (b) Focal-plane excitation (Exc) and STED spatial
profiles (top). Resulting fluorescence and probability of photobleaching (bottom), shown here for a STED pulse
duration of T=200 ps and average power P =450 mW (80 MHz repetition rate). (c) Resolution and bleaching as
a function of pulse duration for three time-averaged STED powers. The dashed lines represent gated detection.
(d) The same data as in ¢ presented as resolution vs. bleaching. The lowest bleaching and the highest resolution
can be obtained by adjusting the STED pulse duration and applying gated detection (hollow points, ty,.=T).

(e) Influence of residual STED intensity ( at the targeted coordinate (intensity minimum) on resolution and
fluorescence signal amplitude for three different levels: 0, 0.0025 and 0.01 of doughnut crest intensity. STED pulse
duration: T= 1000 ps, gated detection t,,.=T. 1000 mW at 80 MHz repetition rate (this simulation) correspond
in terms of pulse energy and peak power to 250 mW at 20 MHz, a common repetition rate for STED with
nanosecond pulses. Note that the three black curves (resolution) overlap. (f) Spatial distribution of fluorescence
(green), normalized probabilities of photobleaching (grey scale, with highest photobleaching in white) and
normalized STED beam profile as reference (red) for different average STED powers (STED pulse duration:
T7=1000ps). The stated resolution values Ad represent the respective FWHM of the fluorescence profile.

data for this dye suggested a single scaling of photobleaching over the whole range of pulse lengths (peak pow-
ers), as ~Igpgp'* (Fig. 3b). To find the optimal parameters which simultaneously describe the three experimental
curves (D, B, SF in Fig. 3b) in a global fit analysis, we varied the STED pulse durations to match measurements
and numerically calculated the expected values for de-excitation, bleaching and STED-light-induced fluores-
cence in our confocal detection scheme, for 3D spatial distributions of excitation and STED foci (Supplementary
Information). We inferred the following parameters: stimulated emission cross-section oz, =4.8-107'% cm?,
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cross-section for linear excitation by the STED beam o;pz = 3.5-107*' cm?, cross-section for two-photon excitation
by the STED beam 0,p;=3.5-10"* cm*=3.5 GM, and an effective photobleaching coefficient from the excited
state k; =5.2-1071° Hz. The intensity-dependent photobleaching rate k was defined as k=k, - (I/I,), with b=1.4
and I, = 1 W/m?. The quality of the fit with respect to experimental data is seen in Fig. 3a (solid lines).

By introducing the spatial intensity distribution for the Gaussian excitation and doughnut-shaped STED pro-
file in the focal plane, the effective fluorescence point spread function (PSF) and the spatially dependent probabil-
ity of photobleaching were numerically calculated in the focal-plane, based on the inferred parameters (Fig. 5b,f).
We defined the resolution as the full width at half maximum (FWHM) of the fluorescence profile, and computed
photobleaching as proportional to the integral over its spatial distribution (Supplementary Information). To ena-
ble a fair comparison between different pulse durations, we chose the most favourable time delay between excita-
tion and STED pulses, which was calculated numerically to be within FWHM/2 and FWHM of the Gaussian
STED pulse duration for pulses longer than 100 ps (Supplementary Information).

We modelled the resolution and photobleaching as a function of Gaussian pulse duration for differ-
ent time-averaged STED powers, with results for 50 mW, 200 mW and 1 W shown in Fig. 5c. Differences in
de-excitation pulse duration affect both the de-excitation efficiency and the bleaching, and we thus additionally
present resolution as a function of photobleaching (rather than separate duration dependencies) to facilitate
comparisons (Fig. 5d). The resolution, similarly to de-excitation (its enabling process), is independent of pulse
duration over a broad range of pulse durations (20-200 ps), as stimulated emission is a linear process in pulse
energy, i.e. linear with the number of photons applied. In contrast, the bleaching shows a strong dependence on
pulse duration. For example, by changing the duration from 200 ps to 1000 ps at 200 mW average STED power,
resolution drops by only ~10%, with a reduction of bleaching by more than 50%. Optimal pulse duration (the
best compromise between resolution and bleaching) depends on the available average power (approximately,
the red points in Fig. 5d). Under low average power conditions (with low intensity-dependent bleaching, reso-
lution ~70 nm), short pulses are preferable (~270 ps), as they provide the most efficient de-excitation from the
excited state in non-gated STED operation. Higher-power applications are limited by photobleaching, and long
de-excitation pulses (~ns) provide a better trade-off. Applying long pulses combined with gated detection (Fig. 5c,
dashed lines; Fig. 5d, hollow circles) allows always to maintain the highest resolution and low bleaching, at the
expense of a reduction of registered fluorescence signal. It is important to note that high STED powers require
particularly low residual intensity at the coordinate targeted by the intensity minimum (Fig. 5¢). For example,
for a relative residual intensity of ( & 1% at the intensity minimum (compared to the doughnut crest) and resolu-
tion level of ~20 nm, nearly 70% of the initial fluorescence amplitude is lost due to de-excitation of fluorophores
directly at the doughnut minimum?.

Our model quite successfully described de-excitation, photobleaching and STED-light-induced fluorescence
as a function of STED pulse duration (Fig. 3a). Nonetheless, applying the same model to measurements as a
function of the average STED power led to inconsistencies (Fig. 6a): the measured de-excitation D saturated at
lower values and the measured STED-light-induced fluorescence SF was significantly higher than expected from
the model based on the previously determined parameters for ATTO647N. Nonetheless, for all measurements,
photobleaching shows the same ‘slope’ as a function of STED power and is described by the proposed model
(showing the same scaling with STED power). As mentioned above, for different ATTO647N samples with sol-
vent from either bottle, the registered photobleaching shows different constant offset (low-order photobleaching,
compare Figs 4b and 6a squares), which was corrected in Fig. 6 by subtracting a constant value (~0.2) from one
experimental data set (Fig. 6a squares).

The observed differences for de-excitation and STED-light-induced fluorescence may stem from the fact that
other, additional electronic states are involved (Fig. 6b), which become relevant at higher STED powers. It is
important to consider at least three other states: the higher excited state S, and the lower and higher triplet states
T, T,*"*2 The effects of bleaching from singlet states S, could be subsumed to processes from S, (due to very fast
relaxation times (~ few ps) by internal conversion IC). However, it is challenging to include the involvement of
triplet states in numerical simulations, due to their much longer time scale and ambiguities that arise if several
new states, and therefore new parameters, are postulated. The observed increased STED-light-induced fluores-
cence at high average powers might be explained by delayed fluorescence: molecules trapped in the lower triplet
state T, can be directly excited by STED light to higher triplet states T, and then, with some probability (defined
by intersystem crossing ICS) come back to the electronic singlet system. The time scale of this process is related
to the lifetimes of higher triplet states; for instance, the typical lifetime of the second triplet state T, is ~100ns. A
five-level system, incorporating states as shown in Fig. 6c, is sufficient to describe photobleaching data in micros-
copy’"#. Nevertheless, the number of free parameters makes it less intuitive. Moreover, the influence of the pho-
tobleaching from the triplet or other dark states should be significantly reduced by application of low-repetition
rate lasers and triplet quenchers, in which case the contribution of high-order photobleaching would become
dominant. Note that the influence of the triplet system could in principle be elucidated by time-reversal of the
excitation and STED pulse, respectively, and this was studied in prior work'’. By applying repetition rates below
MHyz, the involvement of all triplets can be reduced!'> !* at the expense of significantly increased measurement
time to collect fluorescence signal. Reduction of the repetition rate from 80 MHz to e.g. 10 MHz should reduce the
build-up of the second triplet state (with lifetime ~100 ns) and reduce photobleaching associated with this state.
The same outcome can be obtained by very fast scanning to allow dark-state relaxation™ .

It is important to note that higher resolution demands higher pulse energies (sufficiently large numbers of
de-excitation photons), and careful attention is required in choosing the fluorophore. For standard dyes such
as ATTO647N, the linear absorption cross-section of the STED light is five orders of magnitude lower than the
absorption cross-section at the excitation wavelength (Supplementary Information). This means that applying
an excitation power of ~3 pW and a STED power of ~300 mW will result in comparable numbers of molecules
excited per unit volume by both beams. The difference is that the STED light also serves to de-excite molecules
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Figure 6. Limitations of the photobleaching model in explaining the data at high STED powers (ATTO647N)
(see text). (a,b) Comparison between experimental and modelled data for de-excitation, bleaching and STED-
light-induced fluorescence vs. STED power. (a) represents a subset of the data shown in (b). Circles and
squares correspond to two independent measurement series). (c) Extended model of states possibly involved
in photobleaching®, including an additional excited singlet state S, and two triplet states T, and T,. ISC:
intersystem crossing; IC: internal conversion; ESA: excited-state absorption processes.

- meaning that those excitation events are followed by de-excitation and thus do not contribute to the measured
signal. Additionally, confocal detection rejects signal from outside the excitation-light spot. The underlying inter-
action (STED light with molecule), however, causes major photobleaching in the peripheral region surrounding
the targeted coordinate, i.e. predominantly at the doughnut crest (Fig. 5b, Supplementary Information) for high
STED average powers. Shifting the STED wavelength to even longer wavelengths and/or using dyes with spectra
shifted to shorter wavelengths should thus be beneficial for STED implementations with very high average pow-
ers where linear absorption of STED-light photons initiates further excitation steps and thus photobleaching. To
illustrate the behaviour of a different (orange) dye, modelling for ATTO590 is discussed in the Supplementary
Information (see Supplementary Fig. S8 and Supplementary Table S4). Careful studies are still needed to establish
the spectroscopic properties of other states, and in particular to shed more light on the process of excited state
absorption® (ESA) and its involvement at the STED wavelength for the dyes in use.

Discussion
In STED nanoscopy, efficiently de-exciting fluorophores outside the targeted coordinate is the key to
super-resolution. High resolution requires to deliver the necessary numbers of photons while fluorophores reside
in the excited state. Sufficient intensity close to the targeted coordinate is accompanied by much higher excess
exposure at the doughnut crest. It is especially these high de-excitation light intensities which lead to unwanted
photon absorption events and photobleaching. Depending on the photon flux acting on the excited fluorophores,
two different photobleaching regimes can generally be distinguished for constant pulse energy: bleaching that is
independent of the intensity (low-order photobleaching), and intensity-dependent bleaching which is associated
with both singlet and triplet higher excited states (high-order photobleaching). One low-order photobleach-
ing pathway is by reactions undergone by fluorophores trapped in the first triplet state, or other dark states.
High-order bleaching occurs because of the more reactive nature of the higher excited states, which are populated
by multiphoton or multiple sequential absorption steps.

In this study, we provide quantification of a number of experimental aspects in STED microscopy. Our data
corroborate previous strategies that had been followed based on physical intuition, particularly the realization that
longer pulses have advantages in minimizing photobleaching. The results highlight subtle but important differences
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even for dyes that have very similar emission spectra (STAR635P vs. ATTO647N), suggesting that different optical
strategies, tailored to the particular dye and its environment during imaging, will best mitigate bleaching.

At low STED powers (e.g. ~10mW for ATTO647N), the de-excitation photons predominantly interact with
fluorophores to induce stimulated emission, which serves to transfer them to the non-reactive ground state and
thus reduce photobleaching in comparison to the excitation light acting alone'* *%. As the STED intensity is
increased for higher resolution, other interactions with the STED light cannot be neglected any more: absorption
of STED-light photons, which raise the fluorophores to either the first excited singlet and/or higher excited singlet
and triplet states, becomes more probable. Occupancy of each of these excited states contributes to the overall
magnitude of bleaching. We argue that the exact chemical mechanisms need not strictly be known in detail to
identify optimal parameters for STED imaging (pulse energy, pulse duration, repetition rate). Rather, the overall
dependence of photobleaching on STED photon flux needs to be characterized, and this was the approach taken
in this study. In this work, we verified the reduction of high-order photobleaching by lowering the peak intensity
(using longer pulses), whereas low-order photobleaching is not strongly affected by pulse duration, and other
strategies such as the aforementioned dark-state relaxation schemes'* '* and triplet quenchers hold more promise
to reduce this contribution.

In our study, photobleaching measurements as a function of STED intensity, by varying the time-averaged
power (Fig. 4), resulted in sub-linear dependence (orders < 1), but measurements in which the pulse duration
was varied (Figs 2 and 3) showed a super-linear dependence (orders > 1). This can be explained as in measure-
ments vs. power the numbers of delivered photons are varied, affecting both the de-excitation and bleaching in
ways that are difficult to disambiguate. In measurements vs. pulse duration, the energy per pulse was constant
(i.e., a fixed number of de-excitation photons), with little effect on the de-excitation (Fig. 3a), meaning that these
measurements isolate the photobleaching behaviour, as they are not compromised by altered occupancies of the
excited state.

A significant reduction of photobleaching was observed for increasing de-excitation pulse durations, which
implies a high-order photobleaching mechanism (orders in the range 1.4 to 1.9) for all four investigated dyes at
high peak powers of 10 W and above. Our data therefore reveal the involvement of high-order photobleaching at
the currently applied STED peak powers>8. For very short pulses (0.13-3 ps), photobleaching by the STED beam
action alone was noticeable. Moreover, for de-excitation pulses shorter than ~2 ps, it was impossible to obtain
efficient de-excitation due to numerous unproductive de-excitation/excitation cycles caused by the very high
photon flux, as expected theoretically! and seen in early experiments??. The number of these cycles was reduced
to some extent by applying pulses with a down-chirp. The down-chirp not only reduced the STED-light-induced
fluorescence but also the photobleaching (compared to the standard up-chirped pulses): effectively, fluorophores
will be found in the reactive excited state for a shorter time (Supplementary Information). The influence of chirp
for long de-excitation pulses is likely minor, as it depends on the vibrational lifetime (~1 ps) and may only become
relevant at high photon fluxes.

For lower photon fluxes (peak powers < 10 W), three of the four dyes exhibited almost intensity-independent
photobleaching for constant pulse energy. We found that ATTO647N followed a single scaling of bleaching for
all peak powers (order ~ 1.4), which may be explained by low ISC and thus negligible bleaching from the triplet
system, in line with previous observations. The bleaching from the whole singlet system effectively scales like
bleaching from the first singlet state, as the higher singlet states’ lifetimes are shorter by orders of magnitude, and
their bleaching contributions can be subsumed into bleaching from the first excited singlet state (with one effec-
tive rate, dependent on intensity due to involvement of the higher states).

Our results highlight the importance of the STED-light absorption. It leads to a small contribution to flu-
orescence emission induced by the STED beam. The collected signal is typically negligible due to efficient
de-excitation and confocality of detection, but even the finite occupation of the excited state under a strong
photon flux, with many molecules repeatedly transferred between the ground and excited electronic state, results
in significant photobleaching. Moreover, the registered dependence of photobleaching vs. STED intensity, and
thus optimal pulse duration, is strongly affected by the mechanism of STED-light excitation of fluorophores
(one- vs. two-photon process). This mechanism of excitation is difficult to access experimentally due to the
involvement of stimulated emission. Based on modelling (Fig. 3a), we conclude that two-photon absorption of
the STED light by ATTO647N is negligible at the peak powers accessed in all STED experiments to date (up to
~20W, Supplementary Fig. S9), and that the dominant mechanism of its STED-light-induced fluorescence is by
linear absorption. For STED implementations with de-excitation pulses of a few hundred picoseconds, resolu-
tions down to ~30-40 nm have been reported for red dyes and nano-beads (Supplementary Fig. S9). A possible
explanation why further resolution increases, requiring higher STED photon flux, have not been realized with
sub-nanosecond pulses, lies in the pronounced intensity-dependent photobleaching contribution under STED
conditions (as experiments were not power-limited). In contrast, current STED implementations with ~1 ns
pulses have allowed to reach the ~20 nm resolution level by delivering more photons at the same peak power.

The majority of bleaching for ~1ns pulses with red dyes at high STED pulse energies is expected to be
mediated by one-photon absorption events of the STED light (based on the room-temperature absorption
cross-section at the STED wavelength 750 nm). This means that even the outermost parts of the STED doughnut
drive bleaching (Fig. 5f and Supplementary Fig. S7c). The definition of the intensity zero (minimum) becomes
even more important in order not to diminish the signal by oft-switching at the targeted coordinate (Fig. 5e).
Longer dwell times to accumulate more signal are accompanied by increased bleaching.

We have shown the spatial dependence of bleaching with respect to the targeted coordinate (Fig. 5b,f), which
may prompt other insights. For example, applying a scanning scheme like MINFIELD'” will favour short dura-
tions of de-excitation pulses, as high-order photobleaching is already reduced by avoiding the exposure of mole-
cules to the high intensity at the doughnut crest and periphery.
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In summary, our experiments confirm that optimal de-excitation occurs for STED pulse durations of few tens
of picoseconds, as molecules are switched off quickly before spontaneous relaxation by fluorescence takes place.
Such comparatively short pulses, while featuring the best de-excitation, come with increased high-order bleach-
ing, which plays a significant role in STED at high intensities, as our measurements indicate. High-resolution

» «

STED requires sufficient photon flux in the direct vicinity of the targeted coordinate to define the “on”-“off” con-
trast. This causes high-order photobleaching associated with excited states of the fluorophore, mainly outside the
target coordinate. High-order bleaching can be controlled by providing the de-excitation photons in longer STED
pulses, a strategy pursued over the past years of STED development. The success of this approach depends on the
magnitude of low-order photobleaching, for which triplet-quencher or dark-state relaxation strategies exist. The
application of longer STED pulses will have to be combined with suitable gating to maintain maximal resolution.
Based on our experimental data, the recently shown superior resolution for long, nanosecond STED pulses can
be rationalised, as it reduced the high-order bleaching.
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1 Temporal shaping of STED pulses

1.1 Short pulse duration regime (0.13—3ps)

Characterization of the STED pulses at the back aperture of the objective lens

To obtain roughly transform-limited ultrashort pulses at the back aperture of the objective lens, we aligned the home-built
pulse compressor to measure the shortest possible pulse duration (~130fs, data not shown) with a commercial autocorrelator
(pulseCheck, APE). Next, we characterized the spectral phase introduced by the home-built pulse shaper. We compared the
phase shift imparted at the spatial light modulator (SLM) on a femtosecond pulse with an unmodified replica of the same
pulse (“reference pulse”) using Fourier transform spectral interferometry (SI)'. The relative delay between two pulses ¢ was
controlled by the optical delay line (DL) placed in one of the arms of a Mach-Zehnder interferometer (Supplementary Fig.
Sla). We registered the interference spectrum (Ss;) of the pulses on a high-resolution spectrometer (S00M, Spex), to resolve
the high-frequency components over the narrow laser bandwidth (Supplementary Fig. S1b, FWHM~8.5nm). The registered
spectrum Sy is described by:

Ssi(w) =28(w) (14 cos(Ap + wr)) 6]

where S(w) is the spectral amplitude of the reference and shaped pulse, A is the relative spectral phase between them, and
t is the time delay. An example of a measured spectrum is presented in Supplementary Fig. S1b. After applying the Fourier
transform, the modulated part can be distinguished in the side lobes (with separation proportional to pulse delay 7). The
relative spectral phase can be retrieved by the inverse Fourier Transform from one of either lobe signals. The example of a
comparison between applied and retrieved 3"-order spectral phase (¢3=3 - 10°fs’) is presented in Supplementary Fig. Slc,
showing excellent agreement within the pulse spectrum.
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Supplementary Figure S1. Characterization of the pulse shaper by Fourier-transform spectral interferometry. (a) Schematic drawing
of Mach-Zehnder interferometer with two copies of an ultrashort pulse created by a 50:50 low-dispersion non-polarizing beamsplitter (BS).
One replica is shaped by the spatial light modulator (SLM) in the Fourier plane created by a diffraction grating (DG) and a long focal
length lens (f=400mm). The other pulse passes an optical delay line (DL) which controls the relative timing between two pulses ¢. The
two pulses are combined by a second BS, and the modulated spectra are registered on the spectrometer. (b) Example of registered spectral
interferometry (SI) data showing strong signal modulation (¢3=3- 100£s3). (¢) Retrieved spectral phase of the pulse from spectrum presented
in (b). The retrieved phase shows perfect agreement with the applied phase on the SLM (¢3=3- 100fs3, red dashed line).
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Characterization of the STED pulses in the focal plane

The high-numerical-aperture objective lens introduces an additional spectral phase which smears out the temporal profile of
an ultrashort pulse in the focal plane. We corrected this influence by an iterative procedure, monitoring two-photon excitation
fluorescence (2PEF) in Coumarin 120 (Lambda Physik) dissolved in TDE. We iteratively maximized the 2PEF signal by
changing the spectral phase on the shaper up to the 4™ order. The final correction phase is presented in Supplementary
Fig. S2a. Next, we measured the autocorrelation function (ACF) in the focal plane in the same Coumarin 120 solution, before
and after the objective phase correction (Supplementary Fig. S2b). For corrected spectral phase, we observed higher signal
and a narrower width of the ACF. A slightly asymmetrical ACF for the uncorrected pulse is related to spatial misalignment
between the two pulses. The ACF width indicated a pulse duration of ~130fs in the focal plane, corresponding perfectly to
the measured transform-limited pulse ACF at the back aperture by a commercial autocorrelator (data not shown). To explore,
we also applied more complicated spectral phases to the STED pulse, to generate, from a single femtosecond pulse (~130fs),
a burst of 9 pulses, each with ~130fs pulse duration separated by ~500fs (peak to peak). We calculated the necessary spectral
phase for such an intensity profile by the iterative Fast Fourier Transform algorithm?. The spectral phase retrieved by SI and
the expected temporal profile are presented in Supplementary Fig. S2c. To verify the temporal profile of the pulse in the focal
plane, we measured the ACF as before, finding perfect agreement with the expected distribution (Supplementary Fig. S2d).
The duration of the Gaussian STED pulse was controlled by applying different 2"-order spectral phases (chirp), according to
the relation:

t=1,/1+ (4n22)? ~ 412 2 )
To 0

where 7 is the pulse duration, 7y is the transform-limited pulse duration and ¢, is a 2"-order spectral phase (i.e. pulse
chirp). An up-chirped pulse corresponds to instantaneous frequency increases with time (¢,>0), in down-chirped pulses
frequency decreases with time (¢, <0). We measured the STED pulse duration 7 in the focal plane for different chirp values
¢, (Supplementary Fig. S2e, Supplementary Table S1), finding a linear relation. In the short-pulse regime, the time delay
between excitation and STED pulse was measured by the crosscorrelation function (CCF) of the ultrashort STED pulse replica
with the excitation and STED pulse in the focal plane (in Coumarin 120 solution). The example of a CCF of the STED (750nm)
and excitation (635nm) pulse is presented in Supplementary Fig. S2f. These measurements allow to precisely place the STED
pulse after the excitation by use of the DL and estimate the excitation pulse duration to ~500fs in the focal plane.

Supplementary Table S1. Control of the STED pulse duration by the second-order spectral phase applied on the SLM. Autocorre-
lation function width (FWHM) as measured in the focal plane and deconvolved pulse duration (Gaussian, FWHM) for different 2Md order
spectral phases (¢,).

Spectral phase @, (fs2)  ACF width (ps)  pulse duration T (ps)

0 0.179 0.127
3-10% 1.168 0.826
6-10* 2.276 1.626
9.10* 3.522 2.516
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Supplementary Figure S2. STED pulse characterization in the ultrashort pulse regime (0.13—3ps). (a) Retrieved correction spectral
phase for the objective lens. (b) Autocorrelation function (ACF) of an ultrashort pulse in the focal plane before and after the objective phase
correction. The ACF was measured in Coumarin 120 solution by two-photon excitation fluorescence. (¢) Generation of burst pulses from a
single femtosecond pulse. Expected temporal intensity profile (top) and applied/retrieved spectral phase (bottom). (d) Measured ACF in the
focal plane for burst pulses. The red line represents the expected ACF for burst pulses with the temporal profile shown in (c). (e) Control of
the STED pulse duration in the focal plane by 2"d-order spectral phase ¢, . Intensity profiles represent the measured ACF in the focal plane.
(f) Relative delay between excitation and STED pulse as measured by the crosscorrelation function (CCF) in the focal plane.
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1.2 Long pulse duration regime (10—500ps)

Characterization of STED pulse duration by autocorrelation

The pulse duration of long STED pulses was measured by a commercial autocorrelator (pulseCheck, APE) at the back aperture
of the objective lens (Supplementary Fig. S3). The spectral phase introduced by the objective lens is negligible in this pulse
duration regime. Before coupling the STED pulses to optical fibers, several high-dispersion glass rods were placed in the
optical path to pre-stretch the ultrashort pulses and thus minimize nonlinear effects in the fibers. Different amounts of chirp
were applied to the pulses by changing the length of polarization-maintaining fibers (Supplementary Table S2). The longest
pulse duration (~500ps) was at the edge of the autocorrelator measurement range. The time delay between excitation and
STED pulse was controlled electronically to be approximately the FWHM of the STED pulse duration to maintain the highest

possible de-excitation.
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Supplementary Figure S3. STED pulse characterization in the long pulse regime (10—500ps). Autocorrelation function (ACF), as
measured at the back aperture of the objective lens for different lengths of the optical fibers. Red lines represent the Gaussian fits.

Supplementary Table S2. STED pulse duration with different optical fibers. Autocorrelation function width (ACF, FWHM), as mea-
sured at back aperture of the objective lens, and deconvolved STED pulse duration (Gaussian, FWHM) for different optical fibers. (*)
Measurements for the longest pulses were at the edge of the autocorrelator range.

Fiber length (m)  Model, manufacturer ACF width (ps)  pulse duration 7 (ps)
5 PM630-HP, Thorlabs 16 11

10 PM630-HP, Thorlabs 34 25

40 PMC-600-4, Schifter + Kirchhoff GmbH 283 200

121 PMJ-A3AHPC, OZ Optics 736 520*

2 Data analysis

An example of raw data from a measurement for a single pulse configuration is presented in Supplementary Fig. S4. First,
we measured the reference fluorescence signal of the excitation pulse (Supplementary Fig. S4a). Then, the signal for the
excitation and chopped STED beams acting together (Supplementary Fig. S4b) was measured and, finally, fluorescence in-
duced by the chopped STED beam acting alone on the molecules (Supplementary Fig. S4c). Each measurement averaged
signal over ~100s. The respective time traces are presented in Supplementary Fig. S4d. In the data analysis process, we
normalized all curves to the initial fluorescence signal Cy (excitation only) (Supplementary Fig. S4a). Then, we subtracted
fluorescence induced by the STED beam Cg from the signal during exposure to both the excitation and STED beams together
Cgs (Supplementary Fig. S4b minus Supplementary Fig. S4c). Next, we distinguished the fast fluorescence recovery com-
ponent (de-excitation) from the slow recovery part (diffusion of fresh molecules, i.e., proportional to photobleaching) by an
automated procedure incorporating the derivative of the second curve (Supplementary Fig. S4d, blue line). De-excitation,
bleaching and STED-light-induced fluorescence were calculated as mean values from >10 recovery traces (Supplementary
Fig. S4d). The error of measurement is estimated from the standard deviation of retrieved values. It is important to note
that, for the same sample, often different offsets of photobleaching (low-order photobleaching) were observed due to aging,
probably related to changes in oxygen concentration. For this reason, all measurements were performed in freshly prepared
solutions. The relative dependence on the pulse duration (high-order photobleaching) was characterized by the same order of

nonlinearity in all cases.
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Supplementary Figure S4. Raw data (here: CW STED in ATTO647N TDE solution, 0.5 M concentration, average over ~100s.)
(a) Fluorescence signal due to excitation pulses (635nm, 30uW average power). (b) Fluorescence recovery signal for excitation pulse
(as previously) and chopped STED (750nm, 150mW average power). (c) Fluorescence signal induced by the chopped STED beam (as
previously). (d) Intensity traces of (a-c). The blue line represents the derivative of (b).

3 Influence of the STED pulse chirp

We observed a noticeable dependence of bleaching and STED-light-induced fluorescence on the spectral chirp of the de-
excitation pulse. For all tested dyes and peak intensities, down-chirped STED pulses showed ~25% lower STED-induced
fluorescence and ~10% lower bleaching in comparison to commonly used up-chirped de-excitation pulses (Supplementary
Fig. S5b,c). Within the measurement error, de-excitation was the same in both cases.

The influence of the chirp can be rationalized in the wave packet propagation picture (Supplementary Fig. S5a). Assuming
two electronic potential surfaces Vp, V|, the optical transition between them is possible only in case of resonance with an
instantaneous optical frequency. After an ultrafast excitation, the wave packet propagates on an excited state potential (V})
and quickly relaxes by vibrational relaxation (~1ps) to the lowest energy level of V;. Incoming de-excitation photons cause
stimulated emission. The energy difference of the wave packet after de-excitation and excited state potential (Vi — Vp) in-
creases in time, and an up-chirped pulse follows this motion causing unwanted excitation by the STED light. A down-chirped
pulse gives better results, as STED-light-mediated excitation is reduced, due to the opposite temporal distribution of spectral
components within the pulse. This process will be more prominent for pulses with higher energy and was observed before in

the context of efficient excitation in fluorescent dye solutions*.
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Supplementary Figure S5. Influence of the STED pulse chirp on the population of the excited state and photobleaching. (a) Schematic
illustration of wave packet motion after de-excitation. The energy difference of the wave packet just after de-excitation and the excited-state
potential (V; —Vj) increases in time, and an up-chirped pulse follows this motion, causing undesirable excitations of the just de-excited
molecules. (b) Bleaching, STED-light-induced fluorescence and de-excitation as a function of pulse duration and chirp of the STED pulse
for the dyes ATTO590 and STARS80. (c) Data as in (b) for the red dyes ATTO647N and STAR635P. All measurements were performed for
an excitation power of 30uW and a STED power of 10mW (measured at the back aperture of the objective lens).
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4 Simulation of de-excitation, bleaching and STED-light-induced fluorescence for
ATTO647N

4.1 3D fitting procedure to experimental data

To model the behaviour of ATTO647N in STED microscopy for various STED photon fluxes we inferred the necessary
probabilities of the involved processes (i.e. stimulated emission Osrgp, one/two-photon STED light absorption Gipg/0O2pg
and photobleaching probability k) based on experimental data (Fig. 3a). We applied a 3D fitting procedure to include the 3D
spatial profiles of the beams, and thus obtain more realistic parameters.

De-excitation (D), bleaching (B) and STED-light-induced fluorescence (SF) are defined as in the experiments:

D=1- Lo$il) o 3)
Yoy S1(0)|Istep=0

B Loy B0
Zx,y7 S1()|Istep=0
Yoy eS1(t) [IEre=0
Yoy S1 ()| IstED=0

)

SF = )

Temporal domain

The simplified model is presented in Supplementary Fig. S6. Most parameters are chosen as standard for fluorescent dyes and
are fixed in the model (fluorescence lifetime 7z;, vibrational relaxation ¥, €xcitation cross-section Ogy., see Supplementary
Table S3). The excitation pulse has a Gaussian shape with constant pulse duration 7.,=500fs and position #p=1100ps
(Supplementary Fig. S6b). The STED pulse properties (duration 7, position ¢, average power Psrrp) are varied according
to experimental conditions. The numerical time axis has length 7,,;;=13ns, which roughly corresponds to one cycle at the
f=80MHz repetition rate. We assumed that all events on this time scale will be repeating with the next pulses (steady-state
approximation). The rate equations derived from the diagram of simplified molecular states (Supplementary Fig. S6a) are
presented below:

481" = (Wexe + Wreexe) (So — S1%) — %nS1* — k(Istep)S1* (6)

481 = %inS1" = vuS1 — wsrep(S1 — So*) — k(Istep)Si (7N

480" = wsrep(S1—S0*) + Y1151 — %enSo” (8)

450 = %inS0™ — (Wexe + Wreexc) (So — S1*) ©)

%ﬁ =k(Isrep) (S1+517) (10)

where y = =, 7 is the lifetime of a state; w = & w, with o a cross-section, / the light intensity, and ® the photon energy;

k(Istep) is the probability of photobleaching as a function of STED instantaneous intensity.

Assumptions and free parameters in the model:
(i) The population of each state is described by means of a probability, i.e. };S; = 1.

(ii) Initially all molecules are in the ground state So = 1.
(iii) Excitation of ground-state molecules by the STED beam (Wy¢ex) Occurs by one- or two-photon absorption (61 pg, Gapg)

and Wyeexe = O1PE * "ED + 2 15; STED 2. The contributions of linear and two-photon absorption components have
to be found experlmentally Note that in our simulation excitation by the STED beam occurs from the Sy level, for
simplicity. The more realistic situation for linear absorption at room temperature is presented in Fig. 5a. The interaction
of molecules with the lower-energy STED-light photons leads to the population of higher vibrational levels of Sy, and
is properly described by the Boltzmann distribution.

(iv) Bleaching by the excitation beam is not included in the model and negligible in comparison to STED-light-induced
bleaching.

(v) Bleaching occurs only from the excited states (S;, S1*) and is a monotonic function of STED intensity described as
k(Istep) =k1 - ( 1I‘§VT /En[;Z )h, where b is the order of nonlinearity of photobleaching. For ATTO647N, we measured b = 1.4.
The photobleaching amplitude k; has to be found experimentally.

(vi) The probability (cross-section) of stimulated emission Os7gp has to be found experimentally.
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Spatial domain
Beam intensities in the foci are approximated by 3D Gaussian beams (Supplementary Fig. S6c):

I(r,2) = =2 exp (— 25) (11)

w(z)

where P is the average power, w(z)=wp, /1 + i is the beam radius at the axial position z, wy=-L VZIH?;I) is the beam radius
n

in the focal plane, and zg= m)”fz is the Rayleigh range. Beam sizes are chosen as in the experiment, that is, the region of
excitation in the focal plane is diffraction-limited (FWHM=227nm); the STED beam is enlarged (~1.5 of diffraction-limited
size at the STED wavelength, FWHM=402nm). The confocal detection corresponds to ~1 Airy disc (AD) at the excitation

wavelength.

Extraction of free parameters from the experimental data

All parameters employed in the model are listed in Supplementary Table S3. Values of free parameters (01pg,02pE,OsTED, K1}
highlighted in yellow) were found by scanning the parameter space and comparing simulated values to the experimental data
(Fig. 3a). The normalized root mean square error (nRMSE) quantifies the quality of the global fit to the data. nRMSE was
<10% for all three curves. The final modelled values of de-excitation, bleaching, and STED-light-induced fluorescence as a
function of STED pulse duration 7 are presented as solid lines in Fig. 3a.

Discussion of the inferred free parameter values:

1 e deduced probability of stimulated emission (Osrgp=4.8 X 107 ""cm®) 1s 1n good agreement with the expecte
(i) The deduced probability of stimulated emission ( 4.8 %107 8cm?) is i d ith th d

stimulated emission cross-section for fluorescent dyes of order 10~!7 cm?.

(i) The linear absorption cross section of STED photons (61pg = 3.5 X 10~ cm?) corresponds to the expected value at
room temperature at the STED wavelength. In these conditions, higher vibrational levels of Sy are occupied, and some
molecules interact with the STED photons. The occupancy of higher vibrational states is described by the Boltzmann
distribution, which well describes the red edge of the absorption band. Assuming that at an excitation wavelength
Aexe=635nm the absorption cross-section is Gpxe(Aexe )1 X 10~ 10cm?, the one-photon absorption probability at the
STED wavelength (As7ep=750nm) at room temperature (7=293K) can be estimated as:

1pE R Oy - exp (— Elee EAsTED)) 1710756, = 1.7 x 10~ em?. (12)

(iii) The two-photon excitation cross-section 6,pr=3.5GM roughly agrees with values measured for ATTO647N Strepta-
vidin in phosphate buffered saline solution (6,pg=8 +=4GM at 750 nm)°.
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Supplementary Figure S6. Numerical simulation of de-excitation, bleaching and STED-light-induced fluorescence. (a) Simplified
model of photobleaching in STED microscopy. (b) Temporal domain. Numerical time axis with excitation (blue) and STED (red) pulse
profiles. The dashed line represents the natural fluorescence decay (i.e. STED power equals zero). (¢) Spatial beam profiles for lateral (xy)
and axial (yz) coordinates. All scale bars: 200 nm.
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Supplementary Table S3. Parameters employed for modelling ATTO647N behaviour in STED nanoscopy. Fixed parameters are
shown in white. Parameters extracted from fits to experimental data are highlighted in yellow. nRMSE represents a normalized root mean
square error of the fit. The modelled curves and experimental data are presented in Fig. 3.

Temporal domain

Parameter Symbol Value/Range nRMSE
time step dr 125fs
time range taxis 13ns
vibrational relaxation tyib 1ps
fluorescence lifetime Tl 3.5ns
excitation cross-section Oexe 1 x 10~ 10cm?
excitation pulse duration Toxe 500fs
excitation pulse position toxe 1.1ns
excitation power P 30uW
stimulated emission cross-section OSTED 4.8 x 10~ 8¢cm? 2%
STED pulse duration T 0.5 —3000ps
STED pulse position ISTED 1.1ns+0.757
STED power Psrep 1 —1000mW
STED one-photon excitation OlPE 3.5 x 1072 cm? 10%
STED two-photon excitation O2pE 3.5GM
photobleaching rate ki (b=1.4) 52x1071Hz 5%
repetition rate f 80MHz

Spatial domain
Parameter Symbol Value/Range nRMSE
radial step dr 20nm
radial range Trange +200nm
axial step dz 20nm
axial range Zrange +700nm
excitation wavelength Aexe 635nm
STED wavelength ASTED 750nm
Factor of STED-focus enlargement M 1.5
Numerical aperture NA 1.4
Confocal detection conf 1 AD
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4.2 2D STED microscope simulation

The 3D fitting procedure described above is costly in terms of time. In many practical cases, one can assume that the mi-
croscopic sample is two-dimensional (object is significantly thinner than the axial resolution, e.g. nuclear pore complexes).
Calculations of resolution and spatial distribution of photobleaching were therefore performed for 2D intensity distributions,
ignoring the axial dimension of the implemented profiles (Fig. 5, Supplementary Fig. S7). The radial step dr for these nu-
merical simulations was decreased from 20nm to typically 2nm. In the focal plane, the excitation beam is approximated by a
Gaussian function, and STED is represented by a first-order Laguerre-Gaussian beam (Fig. 5b top):

ewe(r) = Ipexp (— 257) (13)

Isren(r) = Io( 25+ §)exp (1 — 25) (14)
where wy is the beam width (excitation wop=191 nm corresponding to FWHM=225nm, STED wy=285nm and FWHM=190nm
/660nm for inner/outer doughnut diameter respectively),  is the residual relative STED intensity at the targeted coordinate

(in the minimum of the doughnut beam). Confocal detection is again defined as 1 AD at the excitation wavelength, corre-

sponding to the final confocal diffraction-limited lateral resolution Arconf:%zl&nm. Most parameters are fixed during

simulation. The STED pulse properties are varied (duration 7, delay ¢, power Psrep). After applying the beams’ spatial distri-

butions in the model, we obtained the fluorescence profile and probability of photobleaching as a function of lateral position

(Fig. 5b bottom). The resolution is defined as the FWHM of the fluorescence profile. The photobleaching value represents an

integral over the spatial distribution of photobleaching probability (without confocal detection).

4.3 Resolution scaling with STED power

We modelled the resolution scaling of a STED nanoscope as a function of STED average power Ps7zp. As shown previously®,
the resolution follows a square-root law:

Ar,
A — conf 1 5
g / 14+PstED [ Poar (15)

where Arcons=162nm, Psrgp is the average STED power, Ps,, is a characteristic power to guarantee off-switching. We fit the
formula (with a single free parameter Ps,,) to the modelled resolution scaling, finding excellent agreement with the expected
behaviour (Supplementary Fig. S7a, Ps,;=23mW; STED pulse duration 7=200ps, STED delay t=150ps, residual relative
STED intensity at doughnut minimum §=0).

4.4 Optimal delay between excitation and STED pulse

The temporal distribution of de-excitation photons after the ultrafast excitation has an influence on the image quality. To
enable a fair comparison between different STED pulse durations 7, we chose a favourable time delay ¢ between the excitation
and the STED pulse for non-gated detection (Supplementary Fig. S7b, circles) and gated detection (Supplementary Fig. S7b,
dashed lines, starting at tgme:t—i—%r). Taking into account the fluorescence decay, the flux of STED photons should be the
highest just after the excitation, when many molecules relax by spontaneous emission. However, a simple overlap of the
excitation and STED Gaussian pulses’ maxima results in loss of half of the de-excitation photons: they do not contribute
to depopulation of the excited state and, moreover, may interact with molecules in unwanted ways, causing excitation by
the STED-light photons and photobleaching. On the other hand, a significant delay between pulses causes a reduction of
the de-excitation efficiency because the STED intensity (and thus stimulated emission probability) is not high enough at
the beginning of the fluorescence decay to compete with the spontaneous relaxation. This results in the early fluorescence
component in the registered superresolution signal, creating wings (a halo) in the effective PSF’. To characterize the optimal
conditions, we modelled the resolution as a function of delay 7 between excitation and STED pulse for different STED pulse
durations T (Supplementary Fig. S7b). The resolution changes as a function of delay ¢ are highest for a low average STED
power (~few mW at 80 MHz repetition rate), as the resolution curve is very steep in this regime (Supplementary Fig. S7a).
To highlight the changes, we modelled the resolution for rather low constant time-averaged STED power Psyep=10mW. The
optimal delay (also for higher STED powers) depends on the pulse duration and is in the range (%FWHM; FWHM) of the
STED pulse duration 7. We therefore selected the delay t=0.757 for all investigated Gaussian pulses. The best resolution
can be obtained for the shortest pulses (7~10ps). Applying much longer pulses (~1ns) reduces the achievable resolution
due to early fluorescence’. This can be mitigated by applying gating, with the gating time equal to approximately the STED
pulse duration: f,4.~7. In this case, the resolution is nearly independent of the pulse duration. The downside is a reduced
fluorescence signal.
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4.5 Bleaching at different STED powers

Similarly to the experimental results, our simulations reveal a sublinear scaling of bleaching with average STED power for
the experimentally investigated power range (Supplementary Fig. S7c, left). Occupancy of the excited state (which largely
initializes all bleaching pathways) is quite efficiently counter-acted by the STED light. In this regime, photobleaching may
even be reduced in comparison to confocal microscopy measurements, because efficient transfer of the excited molecules to the
ground state prevents them from following one of the possible destructive pathways. However, at higher average powers, the
dependence of photobleaching should exhibit a superlinear scaling (Supplementary Fig. S7c, right). The reason is that, starting
at higher STED pulse energies, the one-photon absorption events of STED light become equally significant as the absorption of
photons from the excitation pulse. Thus, photobleaching initiated by STED-light-induced excitation of fluorophores becomes
relevant, resulting in an increased region of photobleaching and a higher order of photobleaching scaling. A high probability of
stimulated emission, and the typically confocal detection scheme employed in measurements, render the importance of STED-
beam excitation events typically largely invisible in the detected fluorescence signal. As an example, for ATTO647N, the
STED-light-induced fluorescence is <0.5% relative to the signal by excitation, at the average STED power Psrrp=1000mW
(t=1000ps). However, the majority of bleaching is initiated by linear absorption of STED-light photons, and a reduction
of the linear absorption coefficient (61pg) by half reduces bleaching nearly by half (data not shown). Since the effects of
unwanted one-photon absorption depend on the pulse energy rather than the temporal distribution of photons, this limits the
STED pulse energies that can be applied (and thus resolution) before the fluorescent marker is photobleached. To reduce
photobleaching, it is necessary to minimize the one-photon absorption coefficient by shifting the STED wavelength to longer
wavelengths or changing the fluorescent dye to ones with bluer absorption spectra. For example, shifting the wavelength from
750nm to 770nm for ATTO647N should reduce the linear absorption cross-section approximately by an order of magnitude
(~ten times), while the stimulated emission cross-section is reduced only by half.

a Resolution scaling with STED power b Optimal delay between excitation and STED pulses
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Supplementary Figure S7. Simulation of resolution and photobleaching for ATTO647N. (a) Resolution scaling with average STED
power for STED pulse duration 7=200ps. The dashed line represents the square-root function with a single free parameter (Ps,; =23 mW).
(b) Optimal time delay ¢ between ultrafast excitation and STED pulse for different STED pulse durations 7 (Psygp=10mW). The dashed
lines corespond to gated detection, with g4, =t + %‘L’. (c¢) Photobleaching and resolution vs. time-averaged STED power for moderate de-
excitation powers (left, negligible linear absorption at STED wavelength) and higher powers (right). STED pulse duration T=1 ns, repetition
rate f=80MHz.
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5 Simulation of de-excitation, bleaching and STED-light-induced fluorescence for
ATTO590

The presented photobleaching model gives a good description if photobleaching follows a single intensity scaling. For the ma-
jority of the dyes (ATTO590, STAR580, STAR635P) the bleaching mechanism is more complicated (see Fig. 3b), indicating
different dominant mechanisms for different peak intensity ranges. As, in general, photobleaching is associated with singlet
and triplet ladders of states, the details of which were not accessible in our experiments, it was not possible to include all
relevant parameters in the numerical modelling. A first obstacle is the much longer time scales for triplet-related processes
(with lifetime of the first excited triplet state micro- to milliseconds) compared to singlet processes (with nanosecond lifetime
of the first excited singlet state). A second obstacle lies in the significant increases in the numbers of free parameters, which
are typically not directly measurable and often depend on the environment of the dye (such as ISC rate(s), triplet state lifetimes
and associated photobleaching rates). Nonetheless, we modelled the behaviour of ATTO590 in STED microscopy, following
the same procedure as described above (Section 4). Since the photobleaching differs for different STED intensity regimes, the
photobleaching rate from the excited state S| in our model must reflect two of these regimes and can be approximated by:

k(Istep) = ko (79FE2) + ko - (75rE2y ). (16)
The orders of nonlinearity were extracted from experimental data (see Fig. 3b, Table 1). The bleaching rates kg, k; as well
as the probabilities of stimulated emission os7gp and STED light absorption by one- and two-photon processes Gipg, Copg
were found by fitting the model curves to the experimental data (see Supplementary Fig. S8a). All varied parameters are listed
in Supplementary Table S4. As estimated based on normalized spectra, the stimulated emission probability is slightly lower
than for ATTO647N, since the applied STED wavelength is further from the emission maximum of the dye (Fig. 1b). The
probability of single-photon absorption is also lower since the STED wavelength is shifted from the absorption maximum. At
the same time, ATTOS590 is characterized by a significantly higher two-photon absorption probability. The experimental data
and modelled curves are presented in Supplementary Fig. S8a,b). The presented simple numerical modelling only roughly
describes the performance of ATTO590 and other markers in STED microscopy, as seen also from moderate but noticeable
deviations in the power dependence of bleaching already for STED powers on the order of 100 mW in Supplementary Fig.
S8b. This advises caution in the extrapolation to higher average STED powers and quantitative predictions of performance
in the highest-resolution regime. The resolution and bleaching scaling for different STED pulse durations are presented in
Supplementary Fig. S8c,d. ATTO590 shows slightly lower resolution than ATTO647N for the same average power. The
bleaching has a stronger nonlinear component, however this difference manifests only at high STED peak powers (short
pulses, compare Fig. 5c). With increasing STED pulse duration, the bleaching decreases to similar values as for ATTO647N.
The resolution and bleaching scalings with STED time-averaged power are presented in Supplementary Fig. S8e,f. The STED
pulse duration for the modelling equalled T=1000ps. The higher-order scaling of bleaching compared to ATTO647N suggests
that further increases of pulse duration may indeed be beneficial for this dye. It is important to note that the spatial distribution
of photobleaching is significantly different than for ATTO647N (compare Fig. 5f). Despite the different relative prominence
of the involved optical transitions, the overall performance of the two dyes in STED microscopy is comparable.

Supplementary Table S4. Parameters extracted from experimental data for modelling ATTOS590 behaviour in STED nanoscopy. All
other parameters were fixed (see Supplementary Table S3). nRMSE is normalized root mean square error of the fit. The modelled curves
and experimental data are presented in Supplementary Fig. S8a.

Temporal domain

Parameter Symbol Value nRMSE
stimulated emission cross-section OSTED 4 x 10~ ¥ cm? 4%
STED one-photon excitation O1PE 8 x 1072 ¢m? 17%
STED two-photon excitation O)PE 352GM
photobleaching rate ko (b=1) 2.5x 1079Hz 5%
photobleaching rate ky (b=1.9) 9x10718Hz
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Supplementary Figure S8. Modelling ATTOS590 in STED microscopy. (a) De-excitation, bleaching and STED-light-induced fluores-
cence vs. pulse duration for ATTO590. CW represents measurements for continuous-wave laser operation. The solid lines represent values
calculated within the photobleaching model (see Supplementary Table S4). Time-averaged STED power: 10mW (E,=0.125nJ ) measured
at the back aperture of the objective lens. (b) Comparison between experimental data and modelling for different time-averaged STED
powers. STED pulse duration: 7=200ps. (c) Resolution and bleaching as a function of pulse duration for three time-averaged STED
powers. The dashed lines represent gated detection starting at fgqre = 7. (d) The same data as in ¢ presented as resolution vs. bleaching.
The lowest bleaching and the highest resolution can be obtained by selecting the STED pulse duration and applying gated detection. (e)
Photobleaching and resolution vs. time-averaged STED power for moderate de-excitation powers (top) and higher powers (bottom). STED
pulse duration T=1ns. (f) Spatial distribution of fluorescence (green), normalized probabilities of photobleaching (linear grey scale, with
highest photobleaching in white) and normalized STED beam profile as reference (red) for different average STED powers (STED pulse
duration: 7=1000ps). The stated resolution values Ad represent the respective FWHM of the fluorescence profile. The dashed blue circles
correspond to the FWHM of the excitation focal spot.
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Supplementary Table S5. Different implementations of STED microscopy with red dyes and fluorescent beads. *unpublished own mea-
surements

# Dye }LSTED (nm) T (ns) f (MHZ) PSTED (mW) Ep (nJ) PSTEDpeuk (W) Ar (nm) Ref.

1 KKl14 775 1 20 166 8.3 6.5 30 8

2 STARG635P 775 1.2 20 200 10 7.83 20 9
ATTO647N 10

3 STAR63SP 775 1 20 200 10 7.83 25

g4 Crimson 750 0.2 80 300 3.75 17.6 40 *
beads

5  ATTO647N 750 CW - 423 5.3 0.42 50 1

6  ATTO633 750 0.2 76 114 1.5 7 40 12

7  ATTO633 735 0.09 1 24 24 25 40 13

g  [Muorescent 763 cw - 516 6.45 0.52 71 14
beads

9  ATTO647N 770 0.25 80 168 2.1 7.89 85 15

o Crimson 735 0.2 76 375 8.95 28 25 6
beads

11 ATTO647N 760 0.2 76 70 0.921 433 89 16

12 ATTO647N 760 0.2 80 130 1.62 7.63 78 17

13 Crimson 730 cw - 1250 15.625 1.25 34 1
beads

6 Comparison: Resolution in STED microscopy reported for red dyes and fluorescent
beads

The resolution improvement in STED microscopy relies on delivering to the sample a certain number of de-excitation photons,
which force fluorophores to remain dark during signal detection in a spatially selective way. For de-excitation pulses shorter
than the excited-state lifetime, the number of delivered photons (i.e., the pulse energy) roughly determines the resolution
improvement (Supplementary Fig. S9a). For example, to obtain 25nm resolution one needs to apply ~11nJ pulses (back
aperture), for both 1ns and 200 ps STED pulses. These energies correspond to substantially different peak powers. In the first
case, the peak power is ~7W. Such peak powers were successfully implemented in STED microscopy before, for crimson
beads as well as the fluorescent dye ATTO633 (e.g. points 4, 6, 7, 10). However, to deliver the same energy in 200ps
STED pulses would require a peak power of ~50W, well above what has been reported so far (Supplementary Fig. S9b).
Reducing the peak power by implementing long STED pulses directly diminishes the nonlinear component of photobleaching
for fluorescent dyes.

It is important to note that the overall molecular photobleaching of fluorophores can be divided into two categories: low-order
photobleaching and high-order photobleaching. In the first case, the photobleaching probability of the excited molecule is
independent or linear with the applied light intensity. One possible pathway in this category is the photobleaching associated
with the first triplet state. The magnitude of photobleaching in this case depends on the internal properties of the dye and its
microenvironment (reactivity, intersystem crossing ISC) and the lifetime of the excited states (both singlet and triplet). For this
bleaching mechanism (dominant in low-power applications, and especially important for blue-orange fluorescent dyes with
high ISC), the optimal strategy is to reduce triplet build-up (by T-Rex, quenchers) and to push the excited molecules to the
non-reactive ground state as soon as possible (short de-excitation pulses). In this case, application of STED pulses can even
reduce photobleaching in confocal microscopy, due to a reduction of the effective time which molecules spend in the excited
state. The other mechanism, high-order photobleaching, is associated with higher excited states (singlets and triplets) of the
fluorophore, which can be reached by absorption of photons. As a result, the effective photobleaching rate from the excited
state depends on the STED-light (photon flux) with order b>1. High-order photobleaching can be reduced by applying long
de-excitation pulses up to approximately the excited-state lifetime of the fluorescent dye. Both processes contribute to the
photodestruction of the fluorophore. For different markers and different environments, the major mechanism(s) may change,
and further studies are necessary depending on the imaging context.

This study shows that, for ATTO647N, the scaling of photobleaching is nonlinear for all intensities investigated (b=1.4).
This single bleaching scaling may be explained by its low ISC and thus low-order photobleaching, which is not limiting the
performance of this dye in STED microscopy. For all other dyes, we report a nonlinear behaviour for the peak powers (>11W)
currently applied in STED microscopy to reach the best resolutions.
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Supplementary Figure S9. Resolution reported for different STED implementations as a function of pulse energy (a) and pulse peak
power (b) for different red dyes and crimson beads (see Supplementary Table S5). Pulse energies and peak powers were calculated
at the back aperture of the objective lens. The data shown in colour represents simulation results for ATTO647N, for 200 ps (squares) and
1ns (circles) Gaussian STED pulses at 80 MHz repetition rate. The top black line indicates the diffraction-limited confocal resolution for an
excitation wavelength of 635 nm.

Parameter calculations

Time-averaged power at back aperture of the objective lens

All time-averaged STED powers were estimated at the back aperture of the objective lens. Since some publications specified
this value in the focal plane, the powers at the back aperture were calculated as:

Pyack = T_IPfocal (17

where Py is the average power at the back aperture, Py, is the power in the focal plane, and T relates both measurements
(and includes the transmission of the objective lens). T was calculated based on publications which stated both values®'? to
T=0.6.
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Chapter 5

Ground state depletion nanoscopy resolves
semiconductor nanowire barcode segments

at room temperature
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ABSTRACT: Nanowires hold great promise as tools for

probing and interacting with various molecular and biological Bx: E

systems. Their unique geometrical properties (typically <100 \ .
nm in diameter and a few micrometers in length) enable \5)( ‘on
minimally invasive interactions with living cells, so that Exc PL§
electrical signals or forces can be monitored. All such f\ -
experiments require in situ high-resolution imaging to provide b AN o >
context. While there is a clear need to extend visualization 100 nm 700 Arr GalnP k)

capabilities to the nanoscale, no suitable super-resolution far-

field photoluminescence microscopy of extended semiconductor emitters has been described. Here, we report that ground state
depletion (GSD) nanoscopy resolves heterostructured semiconductor nanowires formed by alternating GaP/GalnP segments
(“barcodes”) at a S-fold resolution enhancement over confocal imaging. We quantify the resolution and contrast dependence on
the dimensions of GalnP photoluminescence segments and illustrate the effects by imaging different nanowire barcode
geometries. The far-red excitation wavelength (~700 nm) and low excitation power (~3 mW) make GSD nanoscopy attractive
for imaging semiconductor structures in biological applications.

KEYWORDS: Nanowires, microscopy, super-resolution imaging, photoluminescence, semiconductor heterostructures

H igh aspect ratio nanostructures such as nanowires (NWs)
or nanotubes can be utilized as sensors or needles to
measure and perturb the surface or interior of a cell.'  These
structures, owing to their geometry and optoelectronic
properties, are candidates for new-generation nanometer-sized
probes for biological molecules, including enzyme or other
protein recognition,“f6 analysis of electrical activity,7’8 long-
term molecular tracking,” intracellular delivery,'”"" cellular
force measurements,'” or nerve tissue engineering.'>'* All of
these applications are to date still hampered by our relatively
poor understanding of how extrinsic materials and their
topology influence cell properties.'*'®

To fully exploit the potential of one-dimensional nanostruc-
tures in biological research, it is necessary to establish minimally
invasive, simple optical methods that allow controlled measure-
ments of their interactions with cells. The high degree of
control over NW synthesis enables the fine-tuning of their
geometrical and optoelectronic properties, which makes NWs
perfect model structures in this respect. Several studies have
examined the interactions of NWs with cells, mainly using
confocal microscopy. NWs have been indirectly visualized as
dark spots due to spatial exclusion within labeled cells'”'® or
were directly labeled with fluorescent organic dyes.'”~' To
circumvent bleaching issues associated with these methods, it
has been recently proposed”® to use the intrinsic photo-

W ACS Publications © 2017 American Chemical Society
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luminescence of NW heterostructures as contrast method for
their visualization in biological systems.zz’23 However, the
diffraction-limited resolution of conventional lens-based mi-
croscopy restricts the amount of information that can be
extracted from such images. While imaging at higher resolution,
scanning electron microscopy (SEM) only provides surface
information, and reduces throughput in the case of slice-and-
view SEM techniques. Therefore, there is a need for methods
allowing for optical imaging of photoluminescent nanowires at
resolution below the diffraction limit.

Addressing the resolution problem, a variety of subdiffraction
far-field microscopy (here in short, “nanoscopy”) methods have
been reported for organic fluorophores, photoswitchable
fluorescent proteins, quantum dots, and color centers in
diamond. Breaking the far-field diffraction barrier ultimately
relies on judiciously exploiting intrinsic emitter properties and
transferring emitters between (at least) two states (typically
signaling “on” and non-signaling “off’) to achieve their
separationzzt’25 at subdiffraction length scales. In far-field
nanoscopy, the properties of the accessible intrinsic states
determine the best choice of imaging approach and its
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Figure 1. Properties of heterostructured nanowires. (a) Schematic drawing of a barcode nanowire and SEM image. Red lines indicate the
photoluminescent GalnP segments. (b) Band structure diagram for GaP and GalnP. (c) Photoluminescence spectrum of a single NW GalnP
segment. (d) Photoluminescence lifetime measured at room temperature with instrument response function (IRF, 7., = 40 ps) shown in gray. The

estimated photoluminescence lifetime after deconvolution was 7x = 10 ps.

parameters. The emitter characteristics (such as quantum yield,
optical cross sections, intersystem crossing, and photostability)
affect the imaging performance and ultimately determine the
attainable resolution.

We sought to explore the intrinsic photoluminescence (PL)
of nanowire axial heterostructures with the goal of improving
the resolution for this class of emitter. The nanowires consisted
of alternating non-luminescent gallium phosphide (GaP) and
luminescent gallium indium phosphide (GaInP) segments
(“barcodes”) (Figure la). They were synthesized by metal
organic vapor phase epitaxy (MOVPE) growth, similarly to
previous experiments.”” The details of the synthesis are
described in the Supporting Information. In previous experi-
ments, no emission from GaP was observed, which can be
explained by the fact that, typically, GaP has an indirect
bandgap (~2.3 eV). A GaIn,_,P alloy has a direct and tunable
bandgap over a wide range of compositions (~1.35-2.26 eV),
which can be controlled during the growth procedure. Upon
illumination, valence band electrons are excited to the
conduction band by any photons with energy greater than
the bandgap energy, and recombination of electron—hole pairs
(excitons) results in bright, stable, and spectrally broad PL at
room temperature (Figure 1b,c). The detected emission has
typically a lifetime of 7y ~ 10—100 ps (Figure 1d).

Most popular far-field nanoscopy methods are not readily
applicable to semiconductor nanowires. The coordinate-
stochastic approaches (e.g, PALM’**’/STORM™®), which
rely on temporal signal intermittencies (blinking) of individual
emitters, cannot be applied to the NWs due to the constant
background PL contributions from many excitons within an
extended segment. Alternatively, inhibiting short-lifetime
photoluminescence by a coordinate-targeted strategy like
STED” is challenged by unwanted absorption of the de-
excitation light. Thus, as NWs feature high photostability, a
different strategy appeared promising: to control the transfer of
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electrons to the conduction band (“on” state, Figure 1b) in a
coordinate-targeted manner, transferring electrons out of the
valence band “oft” state, as originally suggested in the classic
ground state depletion (GSD) concept® ™ and later also used
in saturated structured illumination microscopy (SSIM).****
The majority of carriers are thus forced to reside most of the
time in the “on” state by using an excitation intensity
distribution in the focal plane featuring one or even many
zeros. Upon scanning, this leads to the acquisition of a
“negative” image with subdiffraction resolution. Excitation and
photoluminescence are ideally disallowed at the zero(s), that is,
the targeted coordinate(s). Everywhere else, the transition out
of the ground state is guaranteed, and signal is generated.
Designating the two electron states as “on” and “off’,
electron transfer to the “on” state and thus photoluminescence

can be virtually guaranteed for excitation intensities I >
hv

. ~ I, where hv is the photon energy, o,,. is the excitation

cross-section, Ty is the photoluminescence lifetime and I
denotes a characteristic threshold intensity at which half of
the maximal PL signal # is elicited. The estimated fraction of
electrons in the “on” state scales with I as follows:

nel /(1 + 17) The effective point spread function (PSF),

which governs resolution, can therefore be described by

hg(x) ~ 1;15' where I(x) is the spatial distribution of a
1)
doughnut-shaped excitation beam, which can be approximated
2
X

this expression, Ad is related to the resolution of the diffraction-
limited optical system, and { is the relative depth of the
excitation beam minimum (¢ < 1). The resolution, defined
here as the full width at half-maximum (FWHM) of the
registered intensity dip, in the GSD microscope is well

around the targeted coordinate as I(x) % I ax(

m
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Figure 2. Resolution increase in GSD photoluminescence nanoscopy for a nanowire with a single GalnP segment. (a) Saturation behavior of the
GalnP photoluminescence signal 77. The saturation power is Pg = 0.322 mW (corresponding to a peak threshold intensity I; & 400 MW/cm?). The
blue arrow indicates abrupt, irreversible decreases in photoluminescence with three subsequent measurements at 7 mW shown. Error bars indicate
standard deviations of maximal signal from several adjacent line profiles. (b) Resolution scaling Adggp as a function of the excitation power. The
resolution was defined as the full width at half-maximum (FWHM) of the signal dip. Experimental data and fits to the shown expressions are
displayed in (a) and (b) (including a finite offset related to the physical segment diameter in b). Error bars indicate standard deviations from several
adjacent line profiles. (c) Scattering (gray) and photoluminescence (red) signal from a single NW. Scale bars: 500 nm. (d) Photoluminescence
intensity profiles showing resolution changes as a function of the excitation power.

approximated by Adgg, & Ad IIIS + { and tends to very

small values for increasing intensity. In practice, the resolution
is limited by the material properties and the residual intensity in
the doughnut minimum (details in Supporting Information).
We found that, despite the short exciton lifetime of several
picoseconds, it is possible to shelve electrons in the “on” state
and ensure the PL of GaInP (Figure 2a). We imaged NWs that
contained a single GaInP segment to characterize the signal 5
and the resolution Adggp as a function of excitation power. All
experiments were performed on a home-built GSD microscope
with short excitation pulses (~5 ps in the focal plane) in time-
gated operation (Supporting Information). On the basis of
experimental data (Figure 2a), we inferred a peak threshold

intensity I, & 400Mz. Having identified the PL properties of
cm

GalnP (Figures 1 and 2a), the resolution of the imaging system
was significantly improved by adopting a doughnut-shaped
excitation beam (Figure 2b—d). For the excitation wavelength A
=700 nm, the resolution was improved to values comparable to
the GaInP segment size (~S0 nm). PL intensity profiles
orthogonal to the NW axis (Figure 2d), that is, across the
narrow dimension (labeled as y), were used to estimate the
resolution scaling with excitation power (Figure 2b,d). Note
that our measurements were carried out with a single NW
width of ~50 nm (and this offset was taken into account in the
fitting analysis), meaning that resolution will not tend to zero
for very large powers. In addition, the dip of the doughnut-
shaped profile is narrower in FWHM than a Gaussian-like
standard excitation profile for the same wavelength (compare
Figures 2b and 3g). Occasionally, we observed a permanent

2654

reduction of the PL signal (to a lower PL level, or even
complete loss of signal) starting at powers of ~3—7 mW (for
example, the arrow in Figure 2a). The PL reduction was often
accompanied by an increased contrast of the registered
minimum (Figure S6).

Next, we proceeded to explore the imaging of barcode
NWs** (Figures 3—5). We imaged NWs that were synthesized
to have a diameter of ~20 nm and consisted of four GalnP PL
segments (233 + 40 nm length) separated by nonluminescent
GaP segments (164 & 21 nm), as characterized by SEM. Figure
3a—c provides example confocal and GSD image comparisons.
The confocal microscopy mode (Figure 3a) did not resolve
individual segments, even after the application of deconvolution
algorithms incorporating the known PSF (Figure 3d). GSD
nanoscopy (Figure 3b,ce) clearly distinguished the four
segments. We retrieved a more intuitive image representation
(Figure 3c) by simple subtraction of the raw data from its low-
frequency counterpart (obtained by low-pass filtering in the
frequency domain to remove high-resolution information; see
Supporting Information). In principle, the corresponding
confocal data can also be used to provide the reference image
for subtraction. On the basis of this image (Figure 3c), the
lengths of the GaP and GalnP segments appeared as 162 + 20
nm and 225 + 11 nm, respectively, in an intensity profile along
the NW axis (Figure 3f, direction labeled x; lengths were
measured as FWHMs based on spacings of maxima and
minima; standard deviations from n = 12 and 9 segments,
respectively). Providing a convenient target to estimate the
resolution on the thinnest spatial feature, the intensity profile
across the NW, that is, orthogonal to the NW axis (Figure 3g,

DOI: 10.1021/acs.nanolett.7b00468
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Figure 3. Photoluminescence nanoscopy of barcode nanowires (¢ = 20 nm) with long photoluminescent segments. (a) Nanowires imaged in
confocal mode with an excitation wavelength of 4 = 700 nm (b) The same nanowires imaged with GSD PL nanoscopy (excitation power S mW,
excitation wavelength 4 = 700 nm). (c) Restored image by subtraction of raw-data GSD image from its low-frequency counterpart (not shown).
(d,e) Reconstructed confocal (d) and GSD (e) image by Wiener deconvolution algorithm with PSFs (insets) calculated analytically. (fg) PL
intensity line profiles along (x) and across (y) a NW to compare confocal and GSD images for (ac) (top) and (d,e) (bottom), showing the

resolution improvement in GSD nanoscopy. All scale bars: 1 ym.

direction labeled y) was reduced from 388 + 25 nm in confocal
mode to 76 &+ 11 nm in GSD (n = 12). The inferred resolution
enhancement by S-fold therefore closely matches the modeled
PSF of ~66 nm at S mW (details in Supporting Information
section “Limitations of direct subdiffraction imaging with
GSD”).

Moving to shorter and more closely spaced GaInP segments
(Figure 4), we imaged NWs whose segment dimensions were
characterized using SEM to 64 + 15 nm/S0 + 20 nm for
GaInP/GaP lengths, respectively, with a diameter ¢ = 43 + 3
nm (Supporting Information, “Specification of NWs” section).
The relatively large uncertainties for the segment length
measurements are due to low contrast between GaP/GalnP
segments in SEM images, as well as possible differences across
the population of NWs related to the growth procedure. GSD
nanoscopy resolved individual luminescent segments (Figure
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4b—d) with an average separation of their centers of 112 + 13
nm (n = 20 segments; SEM, 114 + S nm n = 32 segments).
Post-deconvolution (Figure 4d,f), we characterized the segment
lengths to be 66 + 10 nm/S0 + 16 nm (GalnP/GaP, n > 15),
observing an excellent agreement with the SEM measurements.
While contrast was high (>0.8) for an isolated segment (Figure
2¢,d), multiple closely spaced segments were imaged at
significantly reduced contrast (<0.22). For the nanowires of
Figure 4, we found that the contrast continuously decreased
between adjacent GalnP segments along a nanowire (compare
enlarged views in Figure 4e), possibly related to a gradation in
inherent photoluminescence streng’ch.35 The GalnP segment
with the lowest photoluminescence corresponds to the first
grown segment.”> Moreover, in GaInP nanowires, reduced
contrast can arise from differences in material composition

DOI: 10.1021/acs.nanolett.7b00468
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Figure 4. Photoluminescence nanoscopy of barcode nanowires (¢ = 40 nm) with short luminescent segments. (a) Nanowires imaged in confocal
mode. Excitation wavelength A = 700 nm. (b) The same area imaged by GSD PL nanoscopy with excitation power 3 mW. (c) Restored image by
subtraction of raw-data GSD image from its low-frequency counterpart (not shown). (d) Reconstructed GSD image by Wiener deconvolution
algorithm with PSF (inset) calculated analytically. (e) Enlarged views of selected image regions from (a—d) (GSD subtraction and deconvolved
shown in greyscale for better visualization of achieved contrast). (f,g) Intensity profile lines along (x) and across (y) a NW indicated by pink arrows.
(h) Simulated contrast for GSD imaging of an extended PL segment versus photoluminescence segment length (for different NW diameters ¢). (i)
Simulated imaging contrast dependence on separation between luminescent segments (at the middle segment). The modeled NW consists of three
photoluminescence segments with diameter and length equal 20 nm. Images in (h,i) show the images calculated as a convolution of the objects (red)
with the modeled PSF for S mW excitation power. Scale bars 1 ym (a—d), 200 nm (e/h,i).

along the length of the nanowires, which affect the intensity, as
previously described.”>*°

Modeling of the GSD image formation revealed a clear
connection of image contrast with the PL segment length and
diameter (Figure 4h), with highest contrasts for shortest and
thinnest PL segments. In addition, small spacings between
segments lead to decreased contrast (Figure 4i). Therefore, the
observed contrast enhancement upon the sudden decrease in
PL signal (Figure S6) suggests a volume reduction of the
emissive GaInP segment. As size and spacing strongly affect
contrast, there is clearly room for optimization in the design of

heterostructures to increase the quality of images, keeping in
mind that smaller PL volumes come with reduced signals.
Figure S displays further data on 40 nm diameter NWs with
short luminescent segments (50 + 8 nm), this time with ~2
times longer GaP spacers (95 #+ 13 nm). The contrast along the
NWs increased from 0.10 for the nanowires in Figure 4 to 0.14
for the nanowires in Figure S (data not shown). We compared
the GSD nanoscopy characterization of the nanowires to SEM
images (Figure Sc—h) and found an excellent agreement in the
segment diameters (Ay), lengths (Ax), and separations (Ax,),
extracted using both methods (data tabulated in Figure 5).
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Figure S. Photoluminescence nanoscopy of barcode nanowires (¢ = 40 nm) with short luminescent segments and larger spacers compared to NWs
in Figure 4 to increase the contrast. (a) Nanowires imaged in confocal mode (excitation wavelength 4 = 700 nm). (b) The same area imaged by GSD
PL nanoscopy (excitation power, S mW). (c) Restored image by linear subtraction. (d) Deconvolved GSD image by Wiener deconvolution. The
inset shows the PSF. (e) Enlarged view of selected image regions from (a—d). (f) Intensity profile lines along (x) and across (y) the NW indicated
by pink arrows in (c). (g) Nanowires imaged by scanning electron microscopy (SEM). (h) Intensity profile lines along (x) and across (y) the NW
indicated by pink arrows in (g). Symbols: Ax,, separation of adjacent maxima; Ax, length of segment; Ay, width of segment. Data tabulated in the
bottom left margin compare GSD and SEM results for NWs from the same batch for more than seven segments. Scale bars 500 nm (a—d), 200 nm

(eg).

In summary, we have demonstrated experimentally that GSD
nanoscopy resolves GaP/GalnP NW heterostructures with
diameters down to 20 nm at a 5-fold resolution enhancement
compared to confocal microscopy. GaP/GalnP NWs with even
smaller diameters (10 nm) became challenging to image due to
significant emission intermittency. As the diameter of NWs
approached the exciton size (GalnP ~4—10 nm), the PL
showed strong fluctuations (Figure SS in Supporting
Information), making segment positions virtually impossible
to extract. We note that PL fluctuations can be possibly
controlled””*® by choosing the PL material, notably through
exciton-size or core—shell engineering to protect surface
excitons. However, the nature of signal intermittencies would
not allow the direct application of a PALM/STORM/GSDIM
strategy:">** Excitons from an individual segment cannot be
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made to emit together while keeping the neighboring segment
“silent”, because the electrons behave independently and
cannot be “locked” into one of the two states for an extended
time. Even if selection (“activation”) at the single-exciton level
were realized (e.g,, by very low fluxes of excitation photons),
the exciton would not deliver bursts of >>1 consecutive
photons, which is a fundamental requirement to allow the
localization of one entity (here, the segment).

Further, it is worth commenting on a relevant difference
between methods that prepare the “on” state at the targeted
coordinate(s) (“positive” imaging) and those “inverted”
approaches, as applied here, which locally single out the “off”
state (“negative” imaging). In both cases, coordinates are
targeted by positioning a zero or zeros (minimum/a) of the
state-switching light intensity. In “positive” imaging, signals

DOI: 10.1021/acs.nanolett.7b00468
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from the locally prepared “on”-state features are not affected by
any contributions from neighboring non-targeted features
because these are in an “off” state. But the “negative”-imaging
modalities, forcing the emissive “on” state everywhere except at
the zero(s), suffer from the problem of collecting signal from
the entire diffraction zone. This includes contributions from all
nearby features, whose signals fill up the all-important dip in
registered intensity, partially hampering super-resolution
information in the presence of noise. Note that the limitation
does not stem from an imperfect state preparation. The
“negative” modality is just as efficient in generating the
“on”—“off” state contrast in the specimen as the “positive”
modality, but the readout/detection step is less favorable in
terms of contrast. The effect of reduced contrast in the
presence of nearby emitters was previously appreciable in GSD
nanoscopy data recorded from nitrogen vacancy (NV) color
centers, that is, confined point-like emitters in diamond.** In
the extended semiconductor structures investigated here, we
showed that shorter PL segments lead to higher contrast, as do
larger separations from the nearest luminescent neighbors.
Certainly, the ability to freely control the geometry within NW
heterostructures (notably, the sequence of PL segment lengths
and spacings) allows for further optimization. Another possible
direction for improvements will be controlled changes in the
NW segments’ material composition. This would allow for the
modification of spectral characteristics (even customized
differences among adjacent PL segments) as well as saturation
behaviors and damage thresholds. The latter remains a limiting
factor to additional resolution improvements, and a better
understanding of the mechanisms of PL loss will benefit further
advances.

Because of the far-red excitation wavelength (low photo-
toxicity) and the moderate average power, we believe the
described approach will be highly relevant for revealing
positions, orientations, and identities of NWs in biological
contexts. Membranes or other cellular structures could be
visualized by complementary nanoscale imaging methods such
as STED. The good performance of NW GSD nanoscopy at
room temperature indicates similar applicability at physiological
temperatures under live-cell conditions. The comparatively low
excitation power required to obtain a substantial resolution
enhancement over confocal imaging should allow parallelization
of this approach, which may significantly increase the speed of
nanoscale imaging in the future.
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Experimental setup

Measurements were performed on a home-built microscopy system equipped with a commercial
Ti:Sapphire oscillator (Mai Tai, Spectra Physics), a piezo scanner (NanoMax MAX312D, Melles
Griot) and a high numerical aperture objective (NA 1.4, 100x%, Leica). A schematic drawing of the
setup is presented in Figure Sla. A doughnut-shaped excitation profile in the focal plane was
generated by a helical phase plate (HPP, VPP-1a, Rochester Photonics). Confocal recordings were
performed without the HPP. Nanowires were excited at ~700 nm by ~5 ps laser pulses stretched in
a polarization-maintaining single-mode fiber. The pulse repetition rate was 80 MHz.
Photoluminescence was filtered by bandpass/cut-off filters (AHF Analysentechnik, Semrock) and
detected by a single-photon counting avalanche photodiode (APD, SPCM-AQR-13-FC, Perkin
Elmer). In some experiments, the APD was replaced by a single-photon counting module with high
temporal resolution (low dead time) (id100, idQuantique). Confocal detection was realized by a
multimode fiber (M31LO3, Thorlabs) with ~1 Airy diameter. The photoluminescence lifetime was
recorded with a time-correlated single-photon counting module (SPC-150, Becker & Hickl). The
response function of the detection electronics (jitter) was measured by scattering of an ultrashort
laser pulse (~128 fs) to be 40 ps (Figure 1d). Typical excitation powers for the recording of super-
resolution GSD images varied from 0.5 mW to 7 mW. All powers stated were measured at the back
aperture of the objective lens. Pixel dwell times were adjusted to be ~0.1-1 ms. All optical

experiments were carried out at room temperature.
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Figure S1. (a) Experimental setup for GSD nanoscopy (DM: dichroic mirror, APD: avalanche
photodiode, HPP: helical phase plate, A/4: quarter-wave plate). The scattered signal could be
separately measured on a photomultiplier tube by reflection with a pellicle beamsplitter (path not
shown). (b) Point spread function of the microscope, as measured by scattering of 80 nm gold beads
in reflection. Scale bars: 500 nm. (¢) Zero quality of the doughnut-shaped excitation beam
measured to be /< 0.5% (LG: Laguerre-Gaussian).

Synthesis of GaP/GalnP barcode nanowires

GaP/GalnP nanowires were synthesized by use of Au-particle assisted vapor liquid solid growth'
in a commercial MOVPE system (Aixtron 200/4). Catalytic Au particles were deposited on
GaP(111)B substrates by means of aerosol deposition?, producing particles with diameter of 10,
20, 40 or 80 nm and at a surface density of 2 or 4 um™>. The substrate was then placed in the
MOVPE reactor chamber. The epitaxial growth was preceded by a 10-min temperature annealing
step at 650°C with a constant PH3 flow (molar fraction of 6.9x107) in Hz carrier gas (total flow of
13000 SCCM) to remove the native oxide from the GaP surface. The temperature was subsequently
lowered to 440°C and precursors for GaP were introduced into the reactor chamber, i.e.

trimethylgallium (TMGa, at a molar fraction of 4.5x107) and phosphine (PH3, at a molar fraction

S-3

95



of 6.9x107%). Hydrogen chloride (HCI), which impedes undesirable radial growth, was also added
at a molar fraction of 6.2x107°. Segments of GalnP were synthesized by introducing the precursor
for indium, trimethylindium (TMIn at a molar fraction of 1.3x107). The length and arrangement
of GaP and GalnP segments were tuned by opening and closing the TMIn source at different time
points. In our experiments, the GalnP growth time was varied between 1 s and 75 s, resulting in
segments from ~50 nm to >200 nm in length. Nanowires with 1 and 4 GalnP segments were
synthesized. The GaP growth time was varied between 5 s and 180 s, resulting in segment lengths

between ~100 nm and 1.4 pm.

Sample preparation
The NWs substrate was first vertically placed in an Eppendorf tube filled with Milli-Q water and

then sonicated for ~1 min to detach NWs from their substrate. Next, the dilute NWs suspension
was spread on a coverslip (plasma-cleaned) and dried overnight or under a vacuum pump (drop-
casting). A small drop of the microscope immersion oil used for imaging (Type B, Cargille) was
added to a microscope object slide for index matching, and the coverslip put on top. After oil had

spread out under the whole coverslip, the sample was sealed with nail polish.

Mathematical image processing

The present demonstration of PL GSD nanoscopy extracts high-resolution (sub-diffraction)
information by preparing features in the “on” state everywhere except at and near the minimum of
a doughnut-shaped excitation beam, resulting in “negative” images at raw data level. This
drawback can in principle be overcome experimentally (by applying a second modulated laser
beam, which excites non-saturated emitters, and a lock-in detection®), or by mathematical
processing. The second option is easier to implement and does not necessitate slower recording.
We therefore used two different methods: linear subtraction and Wiener deconvolution (Figure S2).

For the linear subtraction, we first applied a low-pass Gaussian filter to the original data set
(Figure S2a) to remove high-resolution information from the image (Figure S2b). An image was
then created by subtraction of original data from its low-resolution copy (Figure S2c: image b
minus image a). In principle, a confocal image might be used as substitute for image b, but, due to
potential movement of the piezo stage or any instability of the experimental system, the
mathematical procedure is preferred. We implemented a Wiener deconvolution algorithm based on

division of the raw data (image a) by the point spread function (PSF) of the GSD microscope
S-4
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(Figure S2d) in the frequency domain. Deconvolution (Figure S2e) typically gave satisfactory
results, however for small-diameter NWs (~20 nm) the image obtained by our Wiener

deconvolution algorithm had substantial artifacts (Figure S2e).

Ifhu GaP _G?‘_'Ei,__ GaP . $ 20 nm
B ~1600 nm o

(a) raw data (b) raw data + low pass filter {c} linear subtraction

{d} PSF

Figure S2. Image restoration. (a) Raw-data image of NW barcode (#=20nm) with four
luminescent segments. The excitation power was 4 mW. (b) Result of low-pass Gaussian filter
applied to raw data. (c) Image created by linear subtraction (image b — image a). (d) Modeled point
spread function for 4 mW. (e) Image resulting from Wiener deconvolution using the raw-data
image (a) and the estimated PSF (d). All scale bars: 500 nm.

The PSF in GSD imaging is dependent on the emitter properties, and is difficult to assess
experimentally for extended emitters. The GalnP PL segment size is comparable to the expected
resolution, as estimated from the characterized saturation behavior (Figure 2a) and the PSF (Figure
S1b). For this reason, we modeled an emitter response function #Gsp. We calculated the effective
PSF using a non-saturated point spread function approximated by a Laguerre-Gaussian beam

hrsr(r) (Figure S1c) and the experimentally measured saturation properties (Figure 2a):
S-5
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hGSD(r’PExc) = hPSF (r) ® hobj (5'PEXC)
-1

2]

S

P -2.66(25 + {)exp(—25)

hGSD(r'PExc) ~ 1+

where a point-like object is denoted by /opj, the saturation average power is Ps = 0.322 mW, the
average excitation power is Py, the doughnut zero parameter is denoted by ¢= 0.001, and the
Gaussian beam width wo =430 nm.

The effective PSF is a multiplication of 4#gsp with the confocal detection probability /der. The
detection probability was represented by a Gaussian distribution (wo=280 nm), close to

experimental conditions. The final effective PSF Aey then takes the form:

h g (r,P,

XC

) = hGSD (r' PExc ) X hdet (r) .

Figure S3 displays a direct comparison between the simulated PSF and images of a single GalnP

segment in a nanowire for four different average excitation powers.

¢ =40 nm
AXx =50 nm

simulated
PSF

Figure S3. Comparison between raw-data images of a single small luminescent segment with

diameter ¢ =40 nm and length Ax = 50 nm (top) and the predicted PSF of the GSD nanoscope
(bottom) for different excitation powers. All scale bars: 200 nm.
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Results

We compared the GSD nanoscopy results with standard confocal microscopy and scanning electron
microscopy (SEM). The tables below report measurements for several NWs in a given field of
view. Uncertainties were estimated as the standard deviation of reported measurements. In this

study, we defined the contrast as (Tmax - Imin) / (Imax + Imin).

Notation: Axc — separation of adjacent maxima, Ax — apparent segment length (FWHM), Ay—
apparent segment width (FWHM).

NW #10188 J3 (Figure 3)

Table S1. Comparison of segment dimensions for NW #10188 J3 measured by confocal
microscopy, GSD nanoscopy and electron microscopy.
segment Confocal GSD raw data GSD deconvolved SEM
Ax (nm) | Ay (nm) | Ax(nm) | Ay (nm) | Ax(nm) | Ay (nm) Ax (nm) Ay (nm)
GalnP - 388+t25 | 225+14 76t11 212 +22 73+9 233+39 25+1
GaP - 162+20 174 +17 164 £21 25+1

Contrast along NW axis (at the middle segments): 0.13+0.01
Contrast across NW axis: 0.10+£0.02

NW #9609 D3 (Figure 4)

Table S2. Comparison of segment dimensions for NW #9609 D3 measured by GSD nanoscopy
and electron microscopy.

segment GSD raw data GSD deconvolved data SEM
Ax; (nm) | Ay (nm) | AXx; (nm) Ax (nm) Ay (nm) AXx (nm) Ax (nm) Ay (nm)
GalnP 112+13 84+12 116+6 66+10 6616 114+5 6415 43+3

Contrast along NW axis (at the middle segments): 0.10+0.03
Contrast across NW axis: 0.21+0.02 to 0.07+0.03

NW #9607 A3 (Figure 5)

Table S3. Comparison of segment dimensions for NW #9607 A3 measured by GSD nanoscopy
and electron microscopy.

segment GSD raw data GSD deconvolved data SEM
AXc (nm) | Ax (nm) | Ay (nm) | Axc(nm) | Ax (nm) | Ay (nm) | Axc(nm) | Ax (nm) | Ay (nm)
GalnP 147 + 14 6916 74 +12 146+8 63+13 6219 145+4 50+9 53+2

Contrast along NW axis (at the middle segments): 0.14+0.01
Contrast across NW axis: 0.17+0.04
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NW #10476 B1 (Figure S2)

Table S4. Separation of adjacent maxima and segment dimensions, as measured by GSD
nanoscopy for NW #10476 B1.
GSD raw data

segment AX segment Ax (nm) | Ay (nm)
15t-27d GaInP 164+9 | 1% GalnP 72+£10
2734 GalnP | 18146 | 2" GalnP | 74412 | 67%12
314 GalnP 184+8 | 3 GaInP 7319
4" GalnP | 85+24

Limitations of direct subdiffraction imaging with GSD (resolution and contrast)

The resolution enhancement is limited by several factors. One of them is the quality of the doughnut
zero, which can influence the image contrast. We found that the non-zero intensity at the minimum
(in our case {'= 0.001) only slightly influenced the contrast at applicable power levels (<20%
reduction). The predicted resolution and contrast for a point-like luminescent segment (1x1 nm?),
calculated for the saturation properties and the analytical PSF (both informed by measurement), is

presented in Figure S4.

200 g 1.00
£
£
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S £)
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s 8o e o . —1 0.25
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power (mW)

Figure S4. Resolution and contrast simulated for a point-like photoluminescent segment
(1x1 nm?). The quality of the doughnut zero was £ = 0.001.

A 66 nm spatial resolution can be obtained for excitation power Pz =5 mW with meager

contrast reduction by 10%. However, significant reductions of the contrast are related to the finite
S-8
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size of the PL segments and/or multiple segments spaced within the diffraction limit (Figure 4h,1).
In this case, PL of nearby excitons lowers the registered intensity dip. In Figure 4h, we show the
contrast reduction as a function of PL segment length for different nanowire diameters ¢ (excitation
power 5 mW). For a single luminescent segment with 20 nm diameter, the image contrast was
reduced from 0.8 to 0.2 by increasing the GalnP length from 20 nm to 200 nm. Not only the
segment length but also the spacing between several emissive segments influenced the depth of
observed dips. The contrast as function of the separation (spacer length) between three adjacent
luminescent segments with diameter and length both equal 20 nm is shown in Figure 4i. Separation
smaller than the resolution (~60 nm) leads to indistinguishable segments and was not taken into
account. For a separation close to the resolution, the contrast (simulated) has the lowest value
~0.16; increases in separation lead to nearly linearly increased contrast (Figure 41).

The highest contrast can be obtained for the smallest luminescent objects at the expense of signal
(which scales as the volume, i.e., number of electrons). As nanowires are exceptionally bright, we
decreased both the diameter and the length of luminescent segments. However, small NWs
(diameter <20 nm) exhibited strong PL intermittency, which makes GSD imaging impracticable
(Figure S5). When NW luminescent segment size became comparable to the (bulk) exciton radius
(for a GaxInixP exciton the Bohr radius is ~4.2-8.6 nm), we observed significant fluctuations in
emitted PL. Currently, these fluctuations are most often explained as induced by light charging of
the semiconductor material, which then cannot emit light. Unneutralized charge is created by
photoexcited carriers trapped in acceptor-like surface states, and eventually recombines via a non-
radiative Auger-like mechanism. This charging effectively quenches emission until the

semiconductor is re-neutralized. The nature of PL fluctuations is still not fully understood*.

S-9
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Au GaP ____GalnP GaP . 0 10 nm

~1100 nm

Figure S5. Photoluminescence of a single NW (¢ = 10 nm) with four PL segments. An increased
photoluminescence intermittency was observed due to the small diameter of the NW. The
excitation power was 70 uW (top) and 3000 uW (bottom), the dwell time 1 ms. The
photoluminescence segments became indistinguishable due to the strong signal fluctuations, which
masked the expected signal dips. All scale bars: 200 nm.

A practical limit of resolution enhancement is related to permanent loss of PL from the emitter
structure (Figure S6). Such damage eventually occurs after applying a high-power excitation beam
and manifests as significantly lower PL signal and, very often, suddenly increased contrast of the
recorded image. This contrast increase is likely due to reduction of the emissive segment volume.
This observation is supported by changes in the scattering profile before and after
photoluminescence decrease (Figure S6d). For a single NW, the threshold for permanent signal
loss varied from 3 to 7 mW, depending on the NWs. The mechanisms of PL decrease are beyond

the scope of this article.
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Figure S6. (a) Scattering (gray) and photoluminescence (red) of a single NW (¢ = 80 nm) with a
single GalnP segment. (b) Photoluminescence intensity profiles show resolution changes as a
function of the excitation power for the same NW. The resolution was defined as the full-width at
half-maximum (FWHM) of the signal dip to minimum. (c) Contrast for data in b. The arrow
indicates the abrupt reduction of photoluminescence. (d) The same NW imaged with GSD
(successive scans). The decrease in photoluminescence was accompanied by a significant increase
in the contrast of the image, which suggests a volume reduction of the luminescent segment. All
scale bars: 400 nm.
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Specifications of NWs
NW #9030 A8 (Figure 2, Figure S3)
Table SS. Geometry of NW #9030 A8 based on the growth time.

NwW gold growth properties total length
density | bead 2 min 5s 2 min

GaP GaP
4/um? 40 nm | ~l.lpm <100 nm ~0.9um ~2 um

Figure S7. Example SEM image of barcode NW #9030 AS8. Measured GalnP segment length and
width both ~50 nm. Scale bar: 200 nm.

NW #10188 J3 (Figure 3)
Table S6. Geometry of NW #10188 J3 deduced from growth time.

NW gold growth properties total

density | bead | 2 min 5s 10s 5s 10s 5s 10s 5s Imin length
GaP

2/um? | 20nm | ~1.4pym | ~150nm | ~100nm | ~150nm ~100nm | ~150nm | ~100nm | ~150nm | ~1.2pm | ~3.5 pum

Figure S8. Example SEM image of barcode NW #10188 J3. Measured GalnP/GaP segment lengths
equal 233 +39/164 + 21 nm respectively, with diameter 25+ 2 nm. Scale bar: 200 nm.

NW #9609 D3 (Figure 4)
Table S7. Geometry of NW #9609 D3 deduced from growth time.

NW gold growth properties total
density | bead | 2 min 5s 7s 5s 7s 5s 7Ts 5s Imin length

¢ GaP
2/um? 40nm | ~04um | ~70nm | ~70nm | ~70nm | ~70nm | ~70nm | ~70nm | ~70nm | ~0.5pum | ~ 1.4pum

S-12
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Figure S9. Example SEM image of barcode NW #9609 D3. Measured GalnP segment length
64 £ 15nm, with 114 + 5nm separation between the adjacent maxima. NW diameter retrieved by
SEM: 43+ 3nm. Scale bar: 200 nm.

NW #9607 A3 (Figure 5)
Table S8. Geometry of NW #9607 A3 deduced from growth time.

NW gold growth properties total
density | bead i i length

¢
2/um? | 40nm ~1.5 um

Figure S10. Example SEM image of barcode nanowire #9607 A3. Measured GalnP segment length
50+9nm, with 145+ 4 nm separation between the adjacent maxima. NW diameter retrieved by
SEM: 53 +2nm. Scale bar: 200 nm.

NW #10476 B1 (Figure S2)
Table S9. Geometry of NW #10476 B1 deduced from growth time.

NwW gold growth properties total
density | bead | 2 min 5s 12s 5s 10s 5s 8s 5s Imin length

¢ GaP
2/um2 20nm | ~500nm | ~50nm | ~90nm | ~50nm | ~90nm | ~50nm | ~90nm | ~50nm | ~600nm | ~ 1.6 um

Figure S11. SEM image of barcode nanowire #10476 B1. Scale bar: 200 nm.

S-13
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NW #10474 A6 (Figure S5)

Table S10. Geometry of NW #10474 with growth times for individual segments.

NW gold growth properties total length
density | bead 2min | 5s 10s | 5s 8s 5s 5s 5s Imin

¢ GaP GaP GaP
4/pm> 10nm * * * * * * * * * ~1.1 pm

(*) difficult to estimate segment lengths

Figure S12. SEM image of barcode nanowire #10474 A6. Scale bar: 200 nm.

NW #7816 (Figure S6)
Table S11. Geometry of NW #7816 deduced from growth time.
NW gold growth properties total length
density | bead 3 min 1+15s 1.5 min
¢ GaP GaP
2/um? 80nm | ~1.3um ~200nm ~0.5um ~2 um

Figure S13. SEM image of barcode nanowire #7816. Scale bar: 200 nm.

Lookup tables (color scales)

min I max
min I max
min I max

Figure S14. Color scales used in Figures 2-5.
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