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Zusammenfassung

Die Fluoreszenzmikroskopie ist eine Form der Lichtmikroskopie, die sich im Laufe des 20.
Jahrhunderts entwickelt hat und heutzutage standardmäßig in der Molekular- und Zellbiologie
zur Erforschung von Aufbau und Funktion biologischer Moleküle eingesetzt wird. Hochauf-
lösende Verfahren der Fluoreszenzmikroskopie, wie die dSTORM (direct Stochastic Optical
Reconstruction Microscopy) Technik, ermöglichen die Visualisierung zellulärer Strukturen
im Nanometer-Größenbereich (10−9 m). Dadurch konnte bereits die Zusammensetzung und
Funktion unterschiedlicher Biopolymere, wie die von Proteinen, Lipiden und Nukleinsäuren,
bis hin zum dreidimensionalen (3D) Aufbau ganzer Organellen entschlüsselt werden.

In der Praxis zeigt sich jedoch, dass diese Bildgebungsverfahren und ihre Weiterentwick-
lungen immer noch vor großen Herausforderungen stehen, bevor eine effektive Auflösung
von unter ∼ 10 nm erreicht werden kann. Die größte Hürde stellt die Art und Weise der
Markierung von Biomolekülen dar. Bei dieser wird zum Nachweis molekularer Struk-
turen häufig die sogenannte Immunfärbung als Standardmethode eingesetzt. Antikörper,
welche mit Fluoreszenzmolekülen gekoppelt werden, erkennen und binden hierbei spezifisch
und mit hoher Affinität den Molekülabschnitt der Zielstruktur, auch Epitop oder Antigen
genannt. Die Fluoreszenzmoleküle dienen als Reportermoleküle, welche mit Hilfe eines
Fluoreszenzmikroskops abgebildet werden. Die Größe der Antikörper, mit einer Länge
von etwa 10-15 nm im Falle von Immunglobulin G (IgG) Antikörpern, bewirkt jedoch eine
Detektion der fluoreszierenden Moleküle verschoben zur eigentlichen Lage des untersuchten
Antigens. In Regionen mit räumlich dicht nebeneinander liegenden Epitopen kann es zu-
sätzlich zur sterischen Hinderung zwischen den Antikörpern kommen. Dies führt zu einer
unzureichenden Markierungsdichte und stellt - zusammen mit der verschobenen Detektion
der Fluoreszenzmoleküle - eine Limitierung der zu erreichenden Auflösung dar.

Die Expansionsmikroskopie (ExM) ist ein neu entwickeltes Verfahren, welches eine Auf-
lösungsverbesserung durch die physikalische Expansion eines untersuchten Objekts erreicht.
Hierbei werden biologische Proben, wie beispielsweise kultivierte Zellen, Gewebeschnitte,
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ganze Organe oder isolierte Organellen, chemisch in ein quellbares Polymer verankert. Durch
Absorption von Wasser vergrößert dieser sogenannte Superabsorber sein eigenes Volumen
und zieht während der räumlichen Expansion die kovalent gebundenen Biomoleküle isotrop
auseinander. Standardmäßig wird durch dieses Verfahren eine Vergrößerung der Proben um
etwa das vierfache Volumen erreicht, wobei bereits Protokollvarianten entwickelt wurden,
die eine bis zu 50-fache Expansion erzielt haben.

Da die ExM-Technik zunächst nur die Probenbehandlung zur Verankerung und Ver-
größerung der Probe selbst beinhaltet, kann sie mit unterschiedlichen Standardmethoden der
Fluoreszenzmikroskopie kombiniert werden. Dadurch verbessert sich die Auflösung des ver-
wendeten Bildgebungsverfahrens theoretisch linear um den Faktor der Volumenvergrößerung
der ExM behandelten Probe. Eine unzureichende Markierungsdichte und die Größe der
verwendeten Antikörper können auch hier die effektiv erreichbare Auflösung beeinträchtigen.
Die Kombination der ExM mit hochauflösenden Verfahren der Fluoreszenzmikroskopie stellt
eine vielversprechende Strategie zur Erhöhung der bisher erreichbaren Auflösung in der
Lichtmikroskopie dar.

In dieser Arbeit werde ich mehrere von mir entwickelte ExM Varianten vorstellen,
welche die Kombination von ExM mit konfokaler Mikroskopie, SIM (Structured Illumi-
nation Microscopy), STED (STimulated Emission Depletion) und dSTORM zeigen. Um
die Verbindung mit dem jeweiligen Bildgebungsverfahren zu ermöglichen, optimierte ich
bestehende ExM-Protokolle und entwickelte unterschiedliche Expansionsstrategien. Dadurch
konnte ich neue strukturelle Erkenntnisse von isolierten Zentriolen aus der Grünalge Chlamy-
domonas reinhardtii durch die Verbindung von ExM mit STED und konfokaler Mikroskopie
gewinnen. In einem weiteren Projekt kombinierte ich 3D-SIM mit ExM und untersuchte den
molekularen Aufbau des sogenannten synaptonemalen Komplexes. Diese Struktur bildet sich
in eukaryotischen Zellen während der Reifeteilung (Meiose) aus und trägt zum Austausch
des genetischen Materials zwischen homologen Chromosomen bei.

Vor allem in Verbindung mit dSTORM zeigte sich das hohe Potential der ExM-Methode,
die bisherigen Limitierungen moderner Techniken der Fluoreszenzmikroskopie zu über-
winden. In diesem Projekt expandierte ich Mikrotubuli in Säugetierzellen, ein Polymer des
Zytoskeletts, sowie isolierte Zentriolen aus C. reinhardtii. Dadurch, dass die Markierung erst
nach dem Expandieren der Proben erfolgte, gelang es, den Abstandsfehler der Markierung
deutlich zu verringern und eine verbesserte Markierungsdichte zu erreichen. Diese Vorteile
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könnten in Verbindung mit der Einzelmolekülsensititvität und hohen Auflösung der dSTORM
Methode Wegbereiter zur Erreichung einer molekularen Auflösung sein.





Abstract

Fluorescence microscopy is a form of light microscopy that has developed during the 20th

century and is nowadays a standard tool in Molecular and Cell biology for studying the
structure and function of biological molecules. High-resolution fluorescence microscopy
techniques, such as dSTORM (direct Stochastic Optical Reconstruction Microscopy) allow
the visualization of cellular structures at the nanometre scale (10−9 m). This has already
made it possible to decipher the composition and function of various biopolymers, such
as proteins, lipids and nucleic acids, up to the three-dimensional (3D) structure of entire
organelles.

In practice, however, it has been shown that these imaging methods and their further
developments still face great challenges in order to achieve an effective resolution below
∼ 10 nm. This is mainly due to the nature of labelling biomolecules. For the detection
of molecular structures, immunostaining is often performed as a standard method. Anti-
bodies to which fluorescent molecules are coupled, recognize and bind specifically and
with high affinity to the molecular section of the target structure, also called epitope or
antigen. The fluorescent molecules serve as reporter molecules which are imaged with
the use of a fluorescence microscope. However, the size of these labels with a length of
about 10-15 nm in the case of immunoglobulin G (IgG) antibodies, cause a detection of the
fluorescent molecules shifted to the real position of the studied antigen. In dense regions
where epitopes are located close to each other, steric hindrance between antibodies can also
occur and leads to an insufficient label density. Together with the shifted detection of fluo-
rescent molecules, these factors can limit the achievable resolution of a microscopy technique.

Expansion microscopy (ExM) is a recently developed technique that achieves a resolution
improvement by physical expansion of an investigated object. Therefore, biological samples
such as cultured cells, tissue sections, whole organs or isolated organelles are chemically an-
chored into a swellable polymer. By absorbing water, this so-called superabsorber increases
its own volume and pulls the covalently bound biomolecules isotropically apart. Routinely,
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this method achieves a magnification of the sample by about four times its volume. But
protocol variants have already been developed that result in higher expansion factors of up to
50-fold.

Since the ExM technique includes in the first instance only the sample treatment for
anchoring and magnification of the sample, it can be combined with various standard methods
of fluorescence microscopy. In theory, the resolution of the used imaging technique improves
linearly with the expansion factor of the ExM treated sample. However, an insufficient label
density and the size of the antibodies can here again impair the effective achievable resolution.
The combination of ExM with high-resolution fluorescence microscopy methods represents
a promising strategy to increase the resolution of light microscopy.

In this thesis, I will present several ExM variants I developed which show the combina-
tion of ExM with confocal microscopy, SIM (Structured Illumination Microscopy), STED
(STimulated Emission Depletion) and dSTORM. I optimized existing ExM protocols and
developed different expansion strategies, which allow the combination with the respective
imaging technique. Thereby, I gained new structural insights of isolated centrioles from
the green algae Chlamydomonas reinhardtii by combining ExM with STED and confocal
microscopy. In another project, I combined 3D-SIM imaging with ExM and investigated the
molecular structure of the so-called synaptonemal complex. This structure is formed during
meiosis in eukaryotic cells and contributes to the exchange of genetic material between
homologous chromosomes.

Especially in combination with dSTORM, the ExM method showed its high potential to
overcome the limitations of modern fluorescence microscopy techniques. In this project, I
expanded microtubules in mammalian cells, a polymer of the cytoskeleton as well as isolated
centrioles from C. reinhardtii. By labelling after expansion of the samples, I was able to
significantly reduce the linkage error of the label and achieve an improved label density. In
future, these advantages together with the single molecule sensitivity and high resolution
obtained by the dSTORM method could pave the way for achieving molecular resolution in
fluorescence microscopy.
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Chapter 1

Theoretical Background

Cells form the basic building blocks of living organisms. With a size of about 1 – 100 µm
[UCW19], they encompass various biomolecules that range scales of roughly a tenth of a
nanometre (10−10 m) up to a millimetre (10−3 m). Besides water, protein macromolecules
make up the largest part of a cell and fulfil a diverse range of functions. The human eye is
able to distinguish structures with a distance of ∼ 0.15 mm. This makes most cells smaller
than some algae or large bacteria invisible to the naked eye. Only the invention of optical
magnification aids such as the microscope opened up the possibility to explore cellular
components and processes that take place in the molecular size range. The application
and further development of microscopy techniques in medical and biological sciences has
contributed to the understanding of the composition and structural organization of various
macromolecules as well as the interaction of biomolecules in the cellular context. Therefore,
microscopy represents a unique tool in the study of basic cellular processes and contributes
to the understanding and treatment of a variety of diseases.

As a researcher, one is also aware of the limitations of science and how little we already
understand about our world. The curiosity to decipher the undiscovered is what drives science
forward. This also led to the invention of new techniques in microscopy which are constantly
evolving and are designed to unravel the secrets of our world. As a revolutionary imaging
approach, I personally count the development of a recently emerged sample preparation tool
called expansion microscopy (ExM) which will be the topic of this thesis. To place this
technique in the context of microscopy and to understand its potential as a scientific tool,
I will first give a brief overview of the historical development of light microscopy up to
the present day. Thereby, I will focus on fluorescence microscopy and the development of
so-called ‘super-resolution’ imaging techniques. This will help to understand my main topic,
which is the further development of ExM and its combination with different fluorescence
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microscopy techniques. In the second part, I will present different variants of ExM that
were developed in the last years. Finally, I will present the articles I have published which
include the application of optimized ExM protocols on different biological specimens. I will
conclude by discussing the advantages and disadvantages of each technique in combination
with ExM and the remaining limitations as well as possible future developments.

1.1 Optical Microscopy

The first use of a magnifying system can be traced back at least to the 1st century AD, when
Lucius Annaeus Seneca mentions globes of water used as magnifiers for reading. It is also
described that the emperor Nero owned a concave emerald at that time as a vision help to
watch gladiator fights [Ila07]. In the centuries that followed, it is difficult to reconstruct who
really was the original inventor of the first glass lens. Spectacles were invented around 1280
in Florence and were widely spread until the end of the 16th century. The magnification prop-
erties of several combined lenses were obviously soon discovered, and the first compound
microscope can be attributed to Jansen and his son Zacharias von Middleburg (Holland,
1595) [Cro06]. Indispensable in the context of optical science is the pioneering work of the
Dutch natural scientist Antoni van Leeuwenhoek in the 17th century. He can be seen as the
first microbiologist who manufactured powerful lenses able to magnify about 300 times with
a resolution down to 1.4 µm. This enabled him to discover organisms and cells that at that
time had never been described before. Between 1674 and 1682 the Royal Society published
several detailed drawings by Leeuwenhoek of infusoria (1674), bacteria (1676), spermatozoa
(1677) and muscle fibres (1682) [For91].

Despite today’s technical advances, the resolution of modern microscopes is physically
limited by the wave nature of light. In 1873, the physicist Ernst Abbe was the first who
described the theoretical limit of light microscopy which gives the minimum resolvable
distance d in an object by

d =
λ

2nsinα
=

λ

2NA
, (1.1)

where λ is the wavelength of the illumination light, n is the diffraction index of the object
surrounding medium, α is the half-angle of the diffracted light that can enter the objective,
where n sinα is defined as the numerical aperture NA of the objective [Abb73].
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The diffraction of light limits optical microscopy in resolving structural details below
∼ 200-300 nm when imaging is performed using visible light. At the end of the 19th century,
handcrafted lenses had already reached the maximum possible numerical aperture so that an
improvement in resolution seemed only possible by reducing the wavelength of the illumina-
tion light. This assumption led Köhler and von Rohr of Zeiss in 1904 to build a microscope
which operates in the ultraviolet (UV) range of the light spectrum. Based on their invention,
seven years later in 1911 Otto Heimstaedt and Heinrich Lehmann built the first fluorescence
microscope which was used to detect auto-fluorescence in living cells. The design of today’s
standard fluorescence microscopes, could be realized with the implementation of dichroic
mirrors presented in 1967 [Plo67]. This allowed the spectral separation of the illumination
and fluorescence light [BRA14].

In the years that followed, further technical advances were made in the design of optical
instruments (like detectors and lenses) as well as the development of sophisticated strate-
gies to mark biomolecules. However, it took until the past two decades for fluorescence
microscopy to break the diffraction limit of light by the emergence of so-called ‘super-
resolution’ techniques. These methods enable imaging of biomolecules in the nanometric
scale beyond the diffraction limit of light. Until then, only Electron Microscopy (EM) offered
sub-diffraction imaging by decreasing the wavelength of illumination. This concept was
already introduced in 1931 by Ernst August Friedrich Ruska and Max Knoll who built the
first electron microscope. Instead of a beam of light as in optical microscopy, a beam of
electrons with wavelengths of 1-2 Å and magnetic lenses are used in an electron microscope.
The further development and unprecedented resolving power of this method has undoubtedly
made a major contribution to our understanding in cell biology, neuroscience and virology
[Mas01]. Still, up to the present day, no light microscopy technique could achieve the
resolution obtained by Electron Microscopy.

1.2 Fluorescence Microscopy

Modern fluorescence microscopy combines high contrast imaging together with high la-
belling specificity and minimal perturbation to biological samples. This allows the study of
dynamics of specific biomolecules in living biological specimens. To achieve these unique
properties, several technical advances as well as understanding of the fundamentals of fluo-
rescence were necessary, and developed in the 18th and 19th centuries.
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1.2.1 The principle of fluorescence

The phenomenon of fluorescence was already described 1852 by the Irish mathematician and
physicist George Gabriel Stokes [Sto52]. Classified as a version of luminescence, it refers
to the ability of a substance to emit light as a result of the absorption of an electromagnetic
wavelength. Depending on its atomic and molecular composition, a fluorescent molecule
interacts and absorbs light at specific wavelengths, defined as its absorption spectrum. The
so-called Jablonski diagram is often used to explain the molecular processes occurring after
absorption of a photon. It describes the electronic states and radiative or non-radiative
transitions of a photoexcited molecule (Figure 1.1).

Figure 1.1: Jablonski diagram illustrating the photoexcitation of a molecule. The horizontal
black lines indicate the energy levels of the molecule with S0 as the singlet ground state, S1 as the
first excited singlet state and Sn the nth excited singlet state. Each electronic state includes several
vibrational levels shown as black dotted lines with the lowest level represented as bold line. The
radiative transitions absorption, fluorescence and phosphorescence include the absorption or emission
of a photon with the energy E = hvabs (absorbed photon), hvem (emitted fluorescence photon) and
hvp (emitted phosphorescence photon), respectively. Non-radiative transitions include vibrational
relaxation, internal conversion and intersystem crossing.

After absorption of a photon, a molecule is promoted from its singlet ground state S0 to
any vibrational level of a higher excited singlet state (S1, Sn). This transition takes place at
a time scale of 10−15 s. From there, a non-radiative transition to a lower vibrational level
within the residing electronic state occurs through vibrational relaxation. If a molecule is in
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an excited state Sn it can undergo non-radiative internal conversion to a lower electronic state
(e.g. from S2 to S1), with a subsequent relaxation to its lowest vibrational level. The emission
of a photon upon the transition from the excited state S1 to the ground state is known as
fluorescence. It occurs in a timescale of 10−9-10−7 s. Whereas phosphorescence describes
the emission of a photon upon transition from the triplet state T 1 to S0. As the excitation to
a triplet state involves a quantum-mechanically ‘forbidden’ spin orientation of the excited
electron, the probability of this process is lower than fluorescence and occurs in a longer
time range of 10−6 to 10 s [Lak10].

Due to the energy loss caused by non-radiative transitions, the emitted light typically
exhibits a lower energy than the absorbed light and therefore has a longer wavelength
(Figure 1.2a). The presence of this so-called ‘Stokes shift’ is a prerequisite for fluorescence
microscopy and can advantageously be used to spectrally separate the excitation light from the
emission light. In biological sciences, fluorescence imaging is often combined with a confocal
microscope, also known as Confocal Laser Scanning Microscopy (CLSM). (Figure 1.2b).

Figure 1.2: Stokes shift and confocal microscopy. a, Stokes shift between absorption and emission
spectra. The exemplary spectra illustrate the typical Stokes shift occurring between absorbed and
longer wavelength emitted photons which result from non-radiative energy transitions shown in
Figure 1.1. b, Schematic of a confocal microscope. The illumination light (blue) deriving from a laser
is reflected from a dichroic mirror (DCM) and focused by an objective into the fluorescently labelled
sample. Excited fluorophores emit fluorescence with Stokes shifted wavelength and are able to pass
the dichroic mirror. The light is then spectrally filtered using appropriate emission filters and focused
on a pinhole aperture which spatially confines the detected light and only allows fluorescence to pass
from the focal plane before it reaches the detector (a photomultiplier tube (PMT)).

The basic idea of a confocal microscope was already developed in the 1950‘s by Minsky
[Min88] and patented in 1961 [Min]. The illumination of the specimen in a confocal micro-
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scope is performed by scanning a focused beam of light across the focal plane. In the original
setup, the excitation light passes through a pinhole aperture located in a conjugate plane
with the focal plane of the objective within the specimen and a second pinhole positioned
in front of a detector. These two pinholes conjugated in the same image plane give the
name ‘confocal’ to the technique. Nowadays, the use of lasers as light source generating a
Gaussian beam that can be focused to a small spot in the sample makes the implementation
of the excitation pinhole obsolete. In contrast to widefield fluorescence microscopy which
illuminates the entire sample volume, confocal microscopy eliminates out-of-focus light
and enables optical sectioning of thick specimens with improved contrast. Theoretically,
the use of an infinitely small pinhole could improve the spatial resolution with a factor of√

2, but in practice this is not feasible as no photon would be able to reach the detector [CS04].

To further improve the performance of confocal microscopy, related techniques were
developed that use computational and/or hardware extensions that combine the advantages
of optical sectioning with high signal to noise imaging. Among these are Image Scanning
Microscopy techniques like Airy Scan Microscopy [Huf15] or Re-scanning Microscopy
[dLDB+17] that in combination with Deconvolution achieve a resolution gain of 1.7-fold.

1.2.2 Fluorescent labels

Cells observed under a bright-field microscope naturally exhibit a low contrast due to their
high-water content. The incident light is therefore only weakly scattered, making cells or
even structural details very difficult to observe. To circumvent this issue, bright fluorescent
molecules can be specifically attached to a cellular target. Several staining techniques evolved
that utilize fluorescent markers to enhance contrast in a biological sample.

Chemical staining methods like the silver staining of Camillo Golgi enabled scientists to
increase the contrast and thereby reveal cellular structures in the µm-scale. Satiago Ramon
y Cajal used this method at the end of the 19th century to study the nervous system. His
detailed drawings revealed small membranous protrusions, the so-called dendritic spines.
Cajal‘s observations that dendrites and axons end freely led to the neuron doctrine that
explains the organization of the brain circuit as a system made up of individual neuron
cells [Yus15]. Chemical staining methods like the hematoxylin and eosin staining (HE
stain) already introduced in 1876 are still widely used as a standard procedure in diagnostic
histopathology [Wit03].
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A milestone in labelling strategies in fluorescence microscopy is the discovery of flu-
orescent proteins (FPs). The first discovered FP, named Green Fluorescent Protein (GFP)
was isolated from the jelly fish Aequorea victoria in 1962 by Shimomura et al. [SJS62].
Recombinant gene expression enables the fusion of FPs to a variety of proteins in other
organisms other than the jelly fish. This enables the specific marking of proteins by GFP and
its colour-shifted derivates and allows the monitoring of cellular processes in living cells.
The use of GFP as a fusion protein was first shown by Chalfie et al. in 1994 [CTE+94].
Nowadays, FPs have been engineered that exhibit optimized photophysical properties span-
ning a large colour palette that can be used in different applications [RCL+17]. The genetic
fusion of fluorescent proteins provides very high specificity, but overexpression can lead to
significant increase in background signal.

An alternative approach using recombinant protein expression for tagging proteins in
living cells represents the genetic fusion of enzymes to a protein of interest. Similar to the
labelling approach of FPs, enzymes like the SNAP- or CLIP-tag are attached genetically to a
protein. Fluorescently labelled ligands bind to the protein tags and serve as covalently bound
fluorescent markers. Enzymatic tags allow the combination of synthetic fluorophores which
offer higher photostability and brightness compared to fluorescent proteins. These optimized
photophysical properties allow single molecule sensitive fluorescence imaging in living cells
[vHS12]. Synthetic fluorophores can also be conjugated to peptides like phalloidin. This
toxin is isolated from the mushroom Amanita phalloides and can be used to selectively stain
F-actin filaments in fixed cells.

Nowadays, a broadly utilized approach is immunofluorescence which uses antibodies to
which fluorescent dyes are coupled, for highly specific labelling of antigens in fixed samples.
The use of antibodies as fluorescent markers was first described by Coons et al. in 1941
[CCJ41]. Together with advances in the synthesis of bright and photo-stable organic dyes,
immunofluorescence has become a widely used tool for highly specific, multi target labelling
in combination with high signal to noise ratio imaging.

1.2.3 Super-Resolution Fluorescence Microscopy

Super-resolution imaging methods provide spatial resolution that is well below the diffrac-
tion limit of light microscopy. Together with the advanced labelling strategies described
above, these techniques allow the study of the three-dimensional (3D) architecture of macro-
molecules and the interactions of biomolecules in living cells, thereby shedding light on
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fundamental biological questions.

Farfield super-resolution techniques include PhotoActivated Localization Microscopy
(PALM) [BPS+06], Stochastic Optical Reconstruction Microscopy (STORM) [RBZ06],
direct Stochastic Optical Reconstruction Microscopy (dSTORM) [HvS+08], Structured Illu-
mination Microscopy (SIM) [Gus00], STimulated Emission Depletion (STED) [KJD+00],
Ground-State-Depletion Imaging (GSDIM) [FBB+08], Super-resolution Optical Fluctuation
Imaging (SOFI) [DCI+09] as well as variants and further developments thereof [HGM06]
[GPB+20]. Near-field Scanning Optical Microscopy (NSOM) [BLH+86] is arguably the
simplest way to avoid the limitations of the far-field capable of imaging beyond the classical
Abbe-limit. The detector is typically placed only 1-10 nm apart from the fluorescent emitter.
Since this distance is less than the wavelength of light, the technique is not subject to diffrac-
tion. However, NSOM is restricted to image surfaces and is not compatible in combination
with embedded and expanded biological specimens.

In the following, I will briefly introduce the above-mentioned imaging techniques and the
basic principle they rely on to bypass the diffraction limit of light. Although, there exist of
course further method variants that achieve sub-diffraction resolution, I will focus on these
farfield techniques since they represent the basic strategies of super-resolution microscopy
and I realized the combination of SIM, STED and dSTORM (Figure 1.3) with ExM which I
will present in chapter 3.

1.2.4 Structured Illumination Microscopy (SIM)

SIM is a wide-field microscopy technique that achieves a lateral resolution twice as high as
conventional diffraction-limited instruments and can be extended to 3D-imaging [Gus00]
[GSC+08]. It extracts sub-diffraction information from processing captured images of the
sample excited with a patterned illumination (Figure 1.3c). The resolution improvement
is based on the formation of Moiré patterns generated from the interference of the usually
striped structured illumination with the sub-diffraction details in the sample. SIM imaging
is compatible with any fluorophore and provides a volumetric imaging with in a large field-
of-view. However, the algorithmic post-processing can be time-consuming and is prone to
artifacts that require critical review [DIN+17]. Among other sources of error, image artifacts
can arise from too low signal-to-noise ratio, photobleaching during acquisition or refractive
index mismatch between the immersion and sample media.
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Figure 1.3: Super-resolution microscopy technique. a, dSTORM. Adjacent fluorescent molecules
with a distance dDLA within a diffraction limited area (DLA) are resolved by centroid fitting of the
point spread function (PSF) of successively photoactivated emitters using a Gaussian function. The
coordinates from several molecules are reconstructed in a super-resolved image. b, STED. The
use of a doughnut shaped depletion laser (red) with ideally zero intensity in the centre spatially
restricts fluorescence emitting fluorophores. Molecules within a diffraction limited area can thereby
be photoactivated separately by the excitation laser PSF with reduced spot size (effective PSF). The
lasers are scanned over the sample to get a super-resolved image. c, SIM. The sample imaged with
a diffraction-limited widefield microscope (green) contains unresolved sub-diffraction information
which is hidden in the details with a distances dDLA within a diffraction limited area (striped pattern).
The sample is illuminated with periodic intensity (fine striped illumination grid pattern). Altering
rotation angles of the illumination pattern generates Moiré patterns by interfering with sub-diffraction
features of the sample. Mathematical reconstruction results in a super-resolved image.

1.2.5 Stimulated Emission Depletion (STED) Microscopy

STED microscopy relies on the spatial restriction of fluorescence within a photoexcited
diffraction limited region. In order to reduce the diameter of the fluorescence emitting area,
a ring-shaped laser beam with ideally zero-intensity at the centre suppresses spontaneous
fluorescence from fluorophores located in the periphery of the excitation laser PSF. In this
way, only fluorescence of molecules located in the centre of the depletion laser are detected.
The suppression of spontaneous fluorescence relies on the process of stimulated emission
depletion. Stimulated emission occurs when an excited fluorophore in a higher electronic
state absorbs a depletion photon and returns to the singlet ground state by emitting two
photons with wavelengths equivalent to the depletion photon. As the depletion wavelength is
significantly different to the fluorescence wavelength, it can be spectrally filtered preventing
detection of fluorophores that have undergone stimulated emission depletion. This process
reduces the effective PSF of the excitation laser which is scanned over the sample and thereby
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allows sub-diffraction limited imaging (Figure 1.3b). STED requires complex microscope
configurations and photo-stable fluorophores as the use of high intensity lasers can cause
photobleaching or photodamage to the sample. However, advantageous in this method is the
fast recording time and no need for image post processing.

1.2.6 Single-molecule localization microscopy (SMLM)

The super-resolution methods PALM, FPALM, STORM and dSTORM achieve an improve-
ment in resolution by mathematically estimating the position of fluorescent molecules. This
approach uses the fact that an image of a single molecule appears blurred by diffraction
while its position can be calculated with diffraction unlimited precision [TLW02]. This is
performed by determining the centre of an Airy disk pattern which refers to the intensity
distribution of an individual fluorescent emitter. In practice, a Gaussian function is fitted to
the point spread function (PSF) of an imaged fluorophore.

The detection of fluorescent molecules is performed following a photoconversion process
of the fluorophores which converts them from a dark OFF to a light emitting ON state.
This allows the sequential activation of a subset of fluorophores so that emitters within a
diffraction-limited area are temporally isolated and recorded separately from one another.

dSTORM uses photoswitchable organic fluorophores which are transferred from a fluo-
rescent ON state to a nonfluorescent OFF state by irradiation with light. In the presence of a
reducing agent exposed to an oxygen-depleted environment, a large proportion of the fluo-
rophores reside in a long lasting dark OFF state. (Figure 1.3a) Single molecules get activated
stochastically which results in a temporal separation of fluorescence of single molecules. In
this way, adjacent fluorophores whose emission patterns overlap and which therefore cannot
be detected as separated molecules when imaged with a far-field microscope, now can be
resolved as single molecules. The position of the fluorophores can be approximated by fitting
a Gaussian function to the emission pattern (the PSF). A super-resolution image can then be
reconstructed from the determined molecule coordinates which are normally collected over a
series of several thousand images.

PALM/FPALM typically uses photoactivatable or photoconvertible fluorescent proteins
like photoactivatable GFP (PA-GFP) expressed as fusion proteins in transfected cells. How-
ever, the main difference between dSTORM and PALM is not the type of fluorophore but
their photoconversion process. In practice, PALM activates a portion of non-fluorescent
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molecules by irradiation with a high frequency light (e.g. 405 nm laser). These molecules
are then exited by lower-frequency light (e.g. 561 nm laser) and recorded on a camera. This
process of photoactivation, excitation and subsequent photobleaching is serially repeated
and as in dSTORM the localization of fluorophores is determined by fitting the recorded
intensity distribution of single emitters. In contrast to this sequential activation and read
out of fluorescence signal, in dSTORM, fluorophores are activated reversibly in a random
manner and the same fluorophores can be imaged multiple times.

A dSTORM setup can be implemented relative easily in a wide field microscope. How-
ever, this method depends on the presence of suitable fluorophores, which require optimal
imaging conditions for photoswitching to obtain relatively stable non-fluorescent OFF states.
This guarantees that only a subset of molecules is fluorescent at a time and single emitters
can be detected temporally separated within a diffraction-limited region. The presence of
glutathione in cells even allows dSTORM imaging in living cells [vHS12].

1.2.7 Super-resolution optical fluctuation imaging (SOFI)

SOFI is a widefield microscopy technique which analyses the temporal fluctuations of fluo-
rescent emitters and theoretically can achieve unlimited resolution gain. However, in practice
it was shown that SOFI is able to improve the resolution with a factor of 2-4-fold compared to
diffraction-limited imaging [DPB+13]. In comparison with SMLM methods, it obtains lower
resolution improvement but it does not require controlled photoswitching or photoactivation
of the fluorophores and comes with shorter acquisition times compared to dSTORM or PALM.
The only prerequisite of the utilized fluorophores is that they must exhibit photophysical
properties that enable them to transit stochastically and independently of each other between
two optically distinguishable states (e.g. ON/OFF state, or distinguishable intensity states). It
has been demonstrated that SOFI works with blinking quantum dots (QDs) but also organic
dyes or reversibly switchable fluorescent proteins (RSFP) [DCI+09] [DCV+10] [DHV+10]
[DMDZ12]. The use of RSFPs as genetically encoded markers that require low excitation
powers together with the high imaging speed makes SOFI to a powerful tool in imaging
living cells.
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1.3 Optical resolution

Optical resolution can be described as the ability of an imaging approach to distinguish
details of an imaged object down to a certain level. General resolution criteria were first
defined by Ernst Abbe [Abb73] and Lord Rayleigh [Ray96]. The Rayleigh criterion describes
the minimum distance with which two luminescent point sources can be distinguished as
two separate objects by an optical system. Whereas Abbe defines the resolution limit by the
smallest line distance that still can be detected in an imaged grid.

Under optimal conditions, the theoretically achievable lateral x,y-resolution of super-
resolution microscopy techniques is in the range of 100-130 nm using SIM, 20-100 nm using
STED and 20-50 nm using PALM/STORM/dSTORM [SHL10]. However, the performance
of an imaging approach in resolving details of a biological structure depends on many factors
which can affect the actual achievable resolution of an imaging technique. In the following, I
will describe the influence of label density and label size on the achievable spatial resolution.
In this context, I will also explain how localization precision and actual resolution are related
in SMLM.

1.3.1 Localisation precision and accuracy

The correct interpretation of SMLM data requires knowledge of the accuracy in which a
position of a fluorescent molecule relative to ground truth can be determined by centroid
fitting. In proteins, the ground truth represents the true molecular position x,y,z of the
investigated epitope of a protein or another biomolecule of interest.

In dSTORM, the same emitter of a label can be recorded several times independently
in different frames of the recorded image series. This allows the statistic calculation of the
localization precision of this emitter which describes the variance of the estimated positions
xi around its mean value x̄. Mathematically, this is given by the formula of the standard
deviation σ x which is defined as the root mean square of the variance:

σx =

√
1

n−1

n

∑
i=1

(xi − x̄)2, (1.2)
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where n is the number of frames in which the molecule was detected, xi the estimated
position in frame i and x̄ the average localization.

Several experimental parameters can influence the achievable localization precision
including optical pixel size, fluorescent background, detector noise, sample drift, PSF
deformation through refractive-index mismatch or orientation effects of the emitter [BAP+16].
The localization precision is often calculated theoretically by describing the emitter profile
(or PSF) as photons distributed over a pixel grid with Poisson distributed shot noise. With
these assumptions, the PSF can be integrated as 2D Gaussian function with the standard
deviation s (∼ FWHM/2.4, where FWHM is the full width at half maximum of the function)
of the PSF (describing the shot noise). Together with the pixel size, a, of the camera, the
signal background, b, and the number of collected photons, N, the localization precision σ x

is given by [TLW02]

σx =

√
σ2 +a2/12

N
+

8πσ4b2

a2n2 . (1.3)

Assuming a negligible background, the localization uncertainty can be approximated by
σ x/

√
N where N is the number of detected photons and σ x is the standard deviation of the

corresponding PSF [vHS12]. When collecting more photons, the standard deviation of the
PSF becomes arbitrarily small and the localization precision depends largely on the number
of collected photons. Typically, dSTORM achieves a localization precision in the order of
5-20 nm.

However, besides the localization precision, other factors must be considered that con-
tribute to the effective achievable resolution. This refers to the accuracy in which a position
of a fluorescent molecule relative to ground truth can be determined. Uncertainties can
arise from biased localization algorithms which e.g. assume an isotropic photon emission.
As fluorophores often behave as dipoles they exhibit an anisotropic photon emission that
can result in intensity peaks shifted from the centre of the molecule and lead to inaccurate
localization by biased algorithms [BAP+16]. Another impact on the accuracy of localization
is given by the size of the label that is used to mark the biomolecule of interest (discussed
in detail in the next chapter). In summary, this means that even if a very high localization
precision is achieved by a technique, it is possible that the actual molecule of interest cannot
be resolved as different factors affect the accuracy of the localization.
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1.3.2 Linkage error and strategies to reduce the label size

The emergence of super-resolution microscopy paved the way for sub-diffraction-resolution
imaging but has also pointed out the need for smaller labels as the resolution of these tech-
niques approaches the size of the labels themselves. The label size contributes to a detection
of the fluorescent molecules shifted away from the target protein. This distance between
the fluorophore and the actual investigated molecule (besides the size of the label) depends
on the way in which the label is bound and oriented as well as the location and orientation
of the fluorophores on the label. In the worst case, the dislocation of the fluorophore has a
distance equal to the size of the marker molecule. This so-called linkage error can lead to
highly inaccurate imaging of investigated structures.

In order to reduce the linkage error, immunolabelling with single domain antibodies,
known as nanobodies, can be performed. These have a size of ∼1.5 nm x 2.5 nm and this
significantly reduces the displacement of fluorescent markers compared to commonly used
Immunoglobulin G (IgG) antibodies with a size of ∼9 nm x 15 nm. So far, only a limited
number of nanobodies are available but their small size makes them a promising tool for
super-resolution imaging. Nanobodies designed to detect GFP have already been used suc-
cessfully for nanoscale imaging with a reduced linkage error [RKP+12]. Also super-binding
peptides (SBPs) that consist of short linear sequences have been designed which specifically
detect linear sequence motifs of ligand binding proteins like neuronal receptors [MHN+17].
These small peptides exhibit high target affinity but require extensive work in analysis and
design of the specific sequence.

A further improvement in decreasing fluorophore displacement represents the method-
ology of genetic code expansion (GCE). Here, a functionalized non-canonical amino acid
(ncAA) is incorporated into a protein of interest which then can be targeted by tetrazine-dyes
in a click chemistry reaction. This enables the highly specific conjugation of small fluorescent
molecules with minimal linkage error. As the specific click chemistry does not interfere with
native biological processes it is suitable as a bioorthogonal label for super-resolution imaging
in living cells [BKK+19].

1.3.3 Resolution criteria based on the Nyquist Shannon Theorem

Despite the advances in labelling techniques, the reduction of label size and improved prop-
erties of fluorescent molecules and their accurate detection, a limiting factor of the spatial
resolution is often given by the label density. This relation is described by the Nyquist
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Shannon theorem which states that the minimum sampling rate must be twice as high as the
desired resolution [Sha49] [SGGB08]. This means that even if individual molecules can be
detected with very high accuracy of a few nanometres, structural details in this scale can
only be resolved if the labelling density is high enough to fulfil the Nyquist criterion. This
can be the case in standard staining methods when labels like antibodies sterically hinder
efficient labelling of dense protein complexes [Sau13]. This proves to be one of the biggest
limitations for advanced super-resolution techniques that achieve a localization precision of
only a few nanometres [GLZ+19] [CHT+20] [BEG+17].

1.4 Expansion Microscopy

Expansion Microscopy (ExM) is a super-resolution technique which physically expands a
biological specimen to achieve sub-diffraction-limited imaging. Since its first introduction
by Boyden and co-workers in 2015 [CTB15], the field of ExM techniques has experienced
a rapid increase in protocol variants and applications to different biological samples. This
is mainly due to its easy feasibility and low material cost that makes ExM applicable for
many biological laboratories. Additionally, it is a tool that promises high-resolution imaging
without the need of expensive equipment or expertise in a super-resolution technique. In the
following chapter, I will describe the principle and procedure of the ExM method in detail
and present the different protocol variants available.

1.4.1 Principle of Expansion Microscopy (ExM)

Optical magnification by spherical lenses is based on increasing the visual angle of incidence
of an object. ExM uses a similar approach but increases the angle of the incident light
by magnifying the object itself. For this purpose, the ExM procedure embeds a biological
specimen in a hydrophilic polymer that physically shifts fluorescent labels used for protein
marking or proteins themselves evenly in space to obtain an enlarged view on the sample.
This physical expansion causes an increase in resolution through separation or at least an
increase in distance between individual fluorescent molecules within a diffraction limited
area. This effect on resolution enhancement can be explained by the Rayleigh criterion
[Ray96] (Figure 1.4).
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Figure 1.4: Resolution enhancement by physical specimen expansion. The schematic shows two
fluorescent molecules attached via a DNA linker to a hydrophilic polymer network (dashed lines). The
green curve shows the intensity pattern resulting from the overlay of two Airy disc diffraction patterns
(2D) of two luminous point sources that are imaged through a circular aperture like a lens. The central
region of each profile (from peak to the first minimum) is defined as an Airy disk. The Rayleigh
criterion mathematically describes the minimum distance dmin at which the point sources still can
be resolved as distinct emitters. This is given by dmin= 0.61λ /NA (1.4), where λ is the wavelength
of light illuminating the circular aperture and NA the numerical aperture of the microscope. Two
overlapping diffraction patterns are just resolvable when the first minimum of one curve is coincident
with the maximum of the other curve (resolution limit).

The ExM processing spatially shifts adjacent fluorophores (not resolvable) within a
diffraction limited area (Figure 1.4). Depending on the expansion factor, single emitters
reach the distance dmin (resolution limit) or get separated further (clearly resolvable). The
spatial displacement results in resolving single emitters after expansion even when imaged
with the same diffraction limited microscope used for imaging before expansion where the
molecules could not be distinguished.
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1.4.2 Superabsorbent hydrogels

A key component of Expansion Microscopy is a hydrophilic macromolecule which belongs
to the class of so-called superabsorbent polymers (SAPs). It is the driving force during
expansion, pulling anchored biomolecules or labels isotropically apart in space. Such hy-
drogels form a three-dimensional network composed of crosslinked polymer chains. The
co-monomers acrylamide (AA) and sodium-acrylate (SA) are polymerized in a free radical
polymerization chain reaction and crosslinked using N,N‘-methylenebisacrylamide (Bis-AA)
(Figure 1.5).

Figure 1.5: Superabsorbent hydrogel. The hydrogel is formed through radical polymeriza-
tion of the monomers acrylamide (red), sodium acrylate (blue) and the crosslinker molecule
N,N’methylenebisacrylamide (black). Ammonium persulfate (APS) serves as radical starter and
tetramethylethylendiamine (TEMED) as accelerator of the polymerization reaction. In the unexpanded
state the polymer chains (illustrated as black curved line) are packed densely and connected by the
crosslinker molecules (represented as black dots). Upon exposure to water, the water molecules get
absorbed by the polymer and the polymer chains become stretched but are still held together by the
crosslinker molecules (expanded state).

Sodium acrylate exhibits an ionic group that interacts with polar liquids like water. This
renders the polyelectrolyte capable of holding a large amount of water. When exposed
to water, SAPs are able to absorb and hold a volume of water that can exceed their own
mass by over 100 times. In industry, these unique material properties are primarily used for
hygiene products like baby diapers or sanitary napkins. But the potential of water absorption
makes SAPs suitable for a wide variety of applications in other fields, including agriculture,
biomedicine and pharmacy, e.g. as soil conditioner, scaffold in tissue engineering, as wound
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dressing, for drug delivery or to remove body fluids during surgery [ZMODK10].

In dry conditions, the acrylic based polymer chains are in a densely packed and coiled
conformation. The ionic side groups of the polymer backbone give the polymer a salty
character. In contact with pure water or an aqueous solution, the absorption of the solvent
molecules is driven by an osmotic process. Carboxylic side groups and sodium ions get
solvated upon water uptake. As a result, the negatively charged side groups are exposed and
repel each other. This leads to an extension of the elastic polymer chains and an expansion of
the hydrogel structure. Only the crosslinking molecules prevent a complete dissolving of the
polymer chains. The hydrogel network structure can be adjusted on the molecular level by
varying the concentration of the crosslinker. The cross-link density determines the network‘s
mesh size and thereby the maximum water absorption capacity. The swelling degree of the
hydrogel is sensitive to the pH and ionic strength of the surrounding medium.

1.4.3 Workflow of the original ExM protocol

The first version of ExM (called ‘original’ ExM protocol in the following) performs immunos-
taining before expansion using primary antibodies for antigen binding and DNA-modified
secondary antibodies, followed by gelation of the sample, homogenization of the sample-
hydrogel hybrid and expansion in water (Figure 1.6).

Figure 1.6: Original ExM protocol. a, Schematic workflow of ExM. The biological sample is
immunostained, embedded in a superabsorbent hydrogel, mechanically homogenized by enzymatic
digestion and expanded by washing in water. b, Trifunctional label. A chemically modified ssDNA
is coupled to an IgG antibody. Two complementary DNA oligos are then hybridized to the ssDNA
and each carries a fluorophore for imaging and an acrydite modification which allows covalent
incorporation into the swellable hydrogel during gel formation.
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As secondary antibodies, custom-made oligo-antibody conjugates are required that
provide a chemical linker group for incorporation in the polyacrylamide gel as well as a
fluorescent dye modification for imaging (Figure 1.6b). Oligonucleotides are short DNA
molecules that can be used to attach different internal or 5’ and 3’ modifications compat-
ible for different ExM strategies. The original ExM protocol, utilized a 42 basepair (bp)
long single stranded amino DNA oligo which is coupled to an IgG antibody and two com-
plementary 21 bp long ssDNA strands each containing a 3’-acrydite and a 5’-fluorophore
modification. After immunostaining with primary antibody and secondary oligo-antibody,
the complementary sequences are hybridized to the oligo-antibody conjugate. Specimens
can then be incubated with acrylic co-monomers and crosslinker molecules of the hydrogel.
During radical co-polymerization, hydrogel components together with the 3’-acrydite moiety
of the DNA strand form a covalently connected polymer network.

To ensure an isotropic expansion of the attached DNA molecules, a homogenization step
of the sample-hydrogel conjugate is performed after gelation. Protein-protein interactions
otherwise might hinder an even displacement of the labels. Thus, proteins are broken down
by enzymatic digestion using Proteinase K as a broad-spectrum serine protease. As a result,
the fluorophore bearing dsDNA can be pulled apart isotropically by the polymer chains while
maintaining the native organization of the labelled proteins. The hydrogel composition of the
original ExM protocol achieves a ∼4.5-fold expansion factor. This enabled Boyden and his
co-workers to perform confocal imaging of expanded cultured cells and mouse brain tissues
with ∼70 nm lateral resolution [CTB15]. Besides the improvement of resolution, the ExM
treatment also reduces effects of light scattering by clearing the sample and thereby improves
the signal-to-noise ratio. This allows volumetric imaging in thick tissues with improved
image quality.

1.4.4 ExM variants and applications

Since ExM is accessible to many laboratories working in different biological fields, a range
of protocols have been developed in recent years for different samples and in combination
with different fluorescence microscopy techniques. Thereby, impressive results could be
obtained by the magnified visualization of various biomolecules including proteins [CTB15]
[TCP+16] [CCY+17] [KSP+16], RNA [CWC+16] [AGS+20] in fixed mammalian cells and
tissues. Among others, as reviewed by Wassie et al. [WZB19] and described in the Methods in
Cell Biology volume 161 [PV21], optimized ExM approaches exist for different organisms in-
cluding protocols for expansion and imaging of human tissue for clinical diagnosis [ZBI+17]
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[BFC+20], pathogens like Chlamydia trachomatis [KGSR19], Zebrafish [FOF+17], imaging
of a whole Drosophila melanogaster larvae [HRP+19], the expansion of Caenorhabditis
elegans [YBW+20] or plant tissue [KN19]. With the mentioned protocols, the expanded
samples are mostly imaged using confocal microscopes. But there have been also attempts to
combine ExM with other imaging modalities like SIM [CYW+17] [HAC+17] [KGG+20],
STED [GMB+18] [LCL+18], PALM [TCP+16], STORM [TBY+16] [XTY+19], SOFI
[LCL+18], and Lattice Light Sheet Microscopy (LLSM) [GAU+19].

From the methodological point of view, the protocols mainly differ in the type and time
of labelling, the chemical composition of the hydrogel and the method of homogenization
of the hydrogel-sample conjugate required for an isotropic expansion. In this section, I
will describe variants of the original ExM protocol which result in the simplification of the
original protocol, the preservation of the protein content of the sample, and the optimization
of hydrogel chemistry.

1.4.5 Protein retaining ExM protocols

The original ExM protocol required custom-made functionalized antibody-DNA conjugates
as fluorescent labels that are linked into the hydrogel (Figure 1.6b). The use of the DNA la-
bels made it unnecessary to maintain the protein content of the expanded sample and enabled
free expansion of the labels after protein destruction. On the other hand, the loss of proteins
also limits the procedure to pre-expansion labelling which may entail several drawbacks.
Firstly, pre-expansion labelling contributes to an increased label inaccuracy compared to
post-expansion labelling due to a higher linkage error caused by the impact of the label
size. Additionally, in the case of multi-target labelling, it also requires the design of several
custom-made DNA-antibody conjugates which can become costly and time-consuming.

These limitations led several laboratories to the development of expansion protocols able
to preserve the protein content of a sample yet still allow isotropic expansion of it. Methods
that cross-link proteins directly into the hydrogel provide the possibility to label epitopes
after expansion, an approach which reduces the linkage error. Furthermore, post-expansion
labelling eliminates the need for fluorophores that survive the radical polymerization step
of the hydrogel. With pre-expansion labelling protocols, fluorophores often get chemically
attacked by radicals during gel formation which leads to a reduction or in the worst case, a
complete loss of fluorescence signal after the ExM treatment.
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Protein-retention expansion microscopy (proExM)

ProExM [TCP+16] was designed by the laboratory of Edward Boyden in order to anchor and
preserve protein labels like fluorescent proteins, conventional fluorescently labelled antibodies
and streptavidin that were introduced pre-expansion. For this purpose, the proExM protocol
makes use of a commercially available succinimidyl ester of (6-((acryloyl)amino)hexanoic
acid (acryloyl-X,SE; abbreviated AcX). Active esters like succinimidyl esters (SE) are amine-
reactive groups that form stable carboxamide bonds with primary amino groups. Practically
all proteins contain primary amino groups either situated as α-amino group in the N-terminus
of the polypeptide chain or present as ε-amino group of lysine residue. Using amine re-
active molecules allows the functionalization of proteins with acrylamide monomers and
the covalent conjugation into the hydrogel network during polymerization. The proExM
workflow includes the AcX treatment of the specimen followed by gelation, strong Proteinase
K digestion and expansion of the sample (Figure 1.7a).

The treatment enables the magnified imaging of FPs, commercially available antibodies
and enzymatic tags which persist following the expansion procedure. In their publication,
they also describe the possibility of immunolabelling of native endogenous proteins or FPs
which are anchored to the hydrogel and stained by antibodies after expansion. For this
purpose, they present different strategies to homogenize the sample-hydrogel conjugate
including heat and chemical induced denaturation as well as mild digestion by the endo-
proteinase Lys-C which specifically cleaves the C-terminal of lysine residues. However,
they point out that their findings suggest the need of the strong Proteinase K digestion as
performed in the original ExM protocol to ensure an isotropic expansion.

Magnified analysis of the proteome (MAP)

MAP [KSP+16] is an expansion protocol which incorporates proteins of fixed cells or tissues
into a superabsorbent hydrogel and is designed to stain proteins in the expanded state using
fluorescently labelled antibodies. According to the developer of the protocol, the key to
the MAP protocol is to prevent intra- and interprotein crosslinking during hydrogel-sample
conjugation. Adapted from the tissue clearing approach CLARITY [CWK+13], acrylic
monomers in high concentration are incubated together with formaldehyde (FA) before ther-
mally triggered polymerization of the gel. During this step, FA acts as crosslinker between
amide groups on proteins and the acrylic monomers. In a first step, FA reacts to amides
and leaves reactive methylols that can react to adjacent amine or amide groups within the
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Figure 1.7: Workflow of protein retaining ExM protocols. a, proExM / ExM-GA/MA-NHS. The
biological sample (tubulin filament) is either immunolabelled with primary and fluorescently tagged
secondary antibodies or marked by the expression of genetically encoded FPs pre-expansion. In the
next step linker molecules are attached to the respective label. In the case of proExM, AcX reacts
to FPs or fluorescently labelled antibodies. In the case of the ExM-GA/MA-NHS protocol either
MA-NHS (methacrylic acid N-hydroxysuccinimidyl ester) or glutaraldehyde (GA) are used as amine
reactive compounds that form stable bonds between proteins and the hydrogel during gelation. The
samples are then homogenized using Proteinase K digestion and expanded in water. b, MAP protocol.
Before gelation, samples are incubated in a buffer containing formaldehyde (FA) and acrylamide
monomers (AA). In this way, AA monomers become attached to the proteins and can be incorporated
into the hydrogel network. Subsequently, the sample is homogenized by heat and chemical induced
denaturation and expanded in water. Finally, primary and secondary fluorescently labelled antibodies
are added to the expanded sample.

same or neighbouring proteins. This intra- or interprotein conjugation by the formation of
methylene bridges is quenched by the presence of the high concentration of acrylic monomers
(Figure 1.7b). In this way, proteins are coated with hydrogel monomers which subsequently
can be cross-linked into the polymer during hydrogel formation.

MAP provides optimized expansion protocols for hydrogel embedding of tissues and
whole organs (General MAP protocol) as well as a variant for expanding cultured cells
(Cell-MAP). Both include a heat and chemical induced denaturation step after hydrogel
embedding of the sample. This step ensures the free dissociation of proteins without a
hindered expansion through coherent proteins. As a consequence of the denaturation step,
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the proteins are present as linear polypeptide chains cross-linked in the hydrogel. Since
antibodies often require only the linear amino acid sequence to recognize epitopes, they can
be added for protein marking, post-expansion. Nevertheless, each antibody has to be tested
for recognition of epitopes after the MAP treatment. Ku et al. [KSP+16] could demonstrate
positive recognition of epitopes by 100 from 122 tested antibodies (∼82% positive).

ExM using conventional antibodies

Another simplification of the original ExM protocol by the preservation of fluorescently la-
belled antibodies introduced pre-expansion was demonstrated by Chozinski et al. [CHO+16].
They crosslinked conventionally immunostained samples into the hydrogel by treating them
with glutaraldehyde (GA) before expansion or the amine-reactive MA-NHS (methacrylic
acid N-hydroxy succinimidyl ester) (Figure 1.7a). The approach will be called ExM-GA or
ExM-MA-NHS protocol in the following depending on the linker used.

1.4.6 Hydrogel variants yielding higher expansion factors

At first glance, the resolution improvement achieved by the ExM method is mainly deter-
mined by the maximum achievable expansion factor of the hydrogel. Due to this, efforts
have been made to optimize the water absorbency and mechanical properties of hydrogels
yielding higher swelling degrees and stability of the expanded polymer. In this context,
several factors are decisive in contributing to artifact free imaging of the expanded sample
without distortions of the native structure introduced by the ExM treatment.

One important role in the development and optimization of hydrogels for ExM is the
stability of the expanded gels. A certain stiffness of the hydrogel must be guaranteed so that
gels are stable and do not break during sample handling. The mechanical properties and
swelling capacity of hydrogels are mainly determined by the crosslinker molecule density.
Weakly cross-linked gels result in larger pore sizes and achieve higher expansion factors, but
also become more fragile and tend to break more easily. In contrast, increasing the crosslinker
density results in more stiff hydrogels but also lowers the achievable swelling capacity. A
compromise must therefore be made between the stability and the swelling capacity of
the hydrogel. The original ExM protocol was designed with a crosslinker concentration
that resulted in a ∼4.5-fold expansion factor. Higher expansion factors could be shown by
decreasing the Bis-acrylamide concentration, but the gels are not suitable for ExM as they
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became more fragile.

Truckenbrodt et al. [TMC+18] developed an expansion protocol called X10 expansion
microscopy which achieves a 10-fold gel expansion factor using N,N-dimethylacrylamide
(DMAA) and SA as co-monomers. DMAA based hydrogels provide high mechanical sta-
bility which allows the handling and imaging of the specimen after 10-fold expansion. In
the presence of potassium persulfate (KPS) as radical starter, DMAA is able to undergo
self-crosslinking and can be polymerized with SA as co-monomer in a free-radical polymer-
ization. DMAA based hydrogels exhibit unique mechanical properties. Swelling ratios of
up to ∼3000 (mass of swollen gel / mass of dry gel) were reported yet still provided robust
hydrogels due to the homogenous distribution of cross-links [CBS+14]. X10 ExM so far
achieves an ∼1000-fold increase in volume.

An alternative strategy which results in higher expansion factors of up to 50-fold, is itera-
tive expansion microscopy (iExM) developed by the Boyden laboratory [CCY+17]. With this
technique, samples are routinely magnified ∼20-fold by expanding the sample twice in series
∼4.5-fold using two swellable hydrogels with different crosslinker molecules. As in the orig-
inal ExM protocol, the procedure embeds the sample that was immunolabelled with primary
and specially designed secondary IgG-oligonucleotide conjugate antibodies. In contrast to
the original protocol, the first hydrogel is synthesized with N,N‘-(1,2-dihydroxyethylene)
bis-acrylamide (DHEBA) as crosslinker molecule which can be cleaved at high pH. To stabi-
lize the first gel, an uncharged polyacrylamide gel (re-embedding gel) is synthesized within
the polymer network which is also synthesized with the cleavable DHEBA crosslinker. This
allows the introduction of another DNA-label that is hybridized to the DNA label anchored
to the first polymer. A second hydrogel containing the regular bis-acrylamide crosslinker
molecule is then polymerized within the first gel which remains held in the expanded state by
the re-embedding gel. This allows the covalent insertion of the acrydite moiety of the second
DNA label into the second hydrogel. Using a NaOH containing buffer with high pH cleaves
the DHEBA crosslinker and thereby dissolves the first hydrogel and the re-embedding gel.

Finally, the second hydrogel which is not pH sensitive can be expanded. In this way,
the positions of the labels become shifted apart another ∼4.5-fold in space. In summary,
the molecular information of the immunolabelled proteins in the unexpanded state first get
encoded and imprinted in the first hydrogel at the position of the anchored DNA label. Then,
this positional information is expanded 4.5-fold and transferred in the expanded state to
the second hydrogel which again is expanded 4.5-fold. So far, iExM achieves the highest
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possible expansion factor of all ExM variants but requires custom-made DNA labels and
additional protocol steps which can be very time consuming. Although expansion factors of
up to 53-fold could be shown, the positional error introduced by the size of the antibodies and
DNA labels increases in a linear fashion with the expansion factors and limits the effective
resolution.

Another aspect to consider when gels are designed for higher expansion factors is the
dilution of the fluorescence signal. The volumetric dilution of fluorescent molecules (∼90-
fold with a ∼4.5-fold expansion and ∼1000 fold with a ∼10-fold expansion) decreases the
sample brightness in the imaged optical section and thereby can reduce image quality. DNA
or locked nucleic acid (LNA) probes can be used for signal amplification but also increase
the positional error caused by the label [CCY+17].

1.4.7 Non-radical hydrogel polymerization (tetra-gel ExM)

To ensure an isotropic expansion at the nanometric scale, biomolecules must be cross-linked
homogenously into the hydrogel. This can only be achieved if the pore size of the hydrogel
network is in the size range of the investigated molecules and the polymer is distributed
uniformly throughout the specimen. Consequently, although an increase in pore size leads to
a higher expansion factor, above a certain mesh size it can also lead to an inhomogeneous
expansion of the specimen and a reduction of the effective resolution. In this context, struc-
tural heterogeneity of the polymer network might cause distortions of the native specimen
introduced by an inhomogeneous linking. Acrylic based hydrogels synthesized by free-
radical polymerization often exhibit spatial inhomogeneity caused by unequal distribution
of monomer and crosslinker molecule densities as well as topological defects of the formed
polymer chains.

An alternative hydrogel chemistry is non-radical terminal linking of tetrahedral shaped
monomers which form highly homogenous gel structures which could potentially reduce
the distortions introduced by the hydrogels developed thus far for ExM [GYG+19]. The
so called tetra-gel (TG) is formed by click-chemistry based linking of polyacrylate and
polyethyleneglycol (PEG) monomers. Proteins can be crosslinked in the TG by covalently
adding an azide group to primary amines on the proteins which can then react with the gel
monomers in a click reaction. With this gel variant, an expansion factor of ∼3.0-3.5-fold
could be shown. Even higher expansion factors are possible when using modified monomers
which exhibit a cleavable moiety that can be used to perform iExM.
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Chapter 3

Results and Discussion

In this section, I will give a comprehensive overview of the different ExM approaches I
developed for the combination of ExM with confocal microscopy, SIM, STED and dSTORM.
I will present and discuss the results obtained and published in the manuscripts M1-4 listed
in chapter 2 as well as unpublished data related to them. This includes the magnified visuali-
sation of isolated centrioles, microtubules, clathrin-coated pits (CCPs), mitochondria and
the synaptonemal complex. The methods and reagents used are described in detail in the
respective online methods of the publications M1-M3 and illustrated in the methodological
paper M4 providing a step-by-step protocol for the ExM procedure.

3.1 Imaging cellular ultrastructures using expansion mi-
croscopy (U-ExM)

(This chapter represents the work of manuscript M1.)

The cellular world contains numerous molecular components involved in controlling and
maintaining homeostasis and functioning of the cell. As specialized macromolecular com-
plexes in the size range of tens to hundreds of nanometres, organelles are involved in essential
cellular processes. For this purpose, they exhibit a specific structure and 3D architecture
related to their function. Available imaging technologies permit the study of these cellular
units at different scales. Super-resolution fluorescence microscopy can successfully visualize
and quantify the organization of proteins in macromolecular complexes with a size beyond
the optical diffraction limit [SL17] [SHJ17] [SH17]. But so far, these techniques are still
limited in resolution due to the linkage error introduced by the size of conventionally used
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IgG-antibodies and inefficient labelling densities which do not meet the Nyquist criterion. As
structural details of cellular organelles often lie in the nanometric range, so far only electron
microscopy has been capable of visualizing these features.

The aim of this work was the development of an ExM protocol which in combination with
fluorescence imaging is able to reveal ultrastructural details of organelles beyond the resolu-
tion achieved by super-resolution microscopy (SRM). We called the approach ultrastructure
expansion microscopy (U-ExM) since it allows the study of preserved ultrastructures of
macromolecules in vitro and in cells. As a reference structure, we studied centrioles isolated
from the green algae Chlamydomonas reinhardtii. Electron microscopy studies could already
reveal precise dimensions and structural features of this barrel-shaped organelle that has a
length of ∼500 nm and a diameter of ∼250 nm [WO14] (Figure 3.1).

Figure 3.1: Model structure of centrioles. a, Schematic of a centriole in frontal view showing the
cylindrical arrangement of 9 microtubule triplets with a diameter of ∼250 nm. The microtubule
triplets each consist of a complete microtubule containing 13 α- and β -tubulin protofilaments, called
A-tubule and two assembled B- and C-tubules consisting of 10 protofilaments each. b, Schematic
of a centriole in lateral view with a length of ∼500 nm with 15 nm distance between neighbouring
microtubule triplets. (Material adapted from M3)

As a part of the centrosome, centrioles are responsible for the assembly of the mitotic
spindle during cell division [Bor12]. Among other roles, they are also involved in cell motility
and signalling forming cilia in cells and organizing microtubules in the cytoplasm [CWR15].
In quiescent cells, two adjacent centrioles are arranged orthogonally to each other. Centrioles
duplicate during the cell cycle whereby the more mature centriole is referred to as mother and
the newly assembled centriole is called procentriole [HS10]. In algae, they serve as basal-
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body which initiates the formation of the flagellar apparatus [PGD00]. Centrioles exhibit an
evolutionary conserved structural organization of 9 microtubule-triplets which are arranged
at a 120-degree angle to each other. Cryo- electron tomography of purified basal bodies of
Chlamydomonas reinhardtii could reveal their polarity of centrioles in distinguishing three
regions in lateral view; the ∼100 nm-long proximal region, the ∼250-nm-long central core
region and the ∼150 nm-long distal region as well as the distinction and organization of the
A, B and C microtubule triplets [LFMA12] [GHM+13]. The precisely known dimensions
of the centriole structure make it a suitable reference structure for the development of an
imaging approach that is capable of revealing details in the nanometre size range.

3.1.1 Development of the U-ExM approach

To compare the performance of already existing ExM protocols, we imaged unexpanded
centrioles using confocal and dSTORM imaging. As centrioles mainly consist of tubulin,
we immunolabelled isolated centrioles immobilized on round cover glasses with α-tubulin
and polyglutamylated tubulin (PolyE). PolyE is a posttranscriptional modification of tubulin
monomers which occurs only in the central core region of the centriole [HSH+17]. We
performed a two-color experiment, simultaneously labelling α-tubulin and PolyE, which
were imaged with a confocal microscope (Figure 3.2a). In the top view of centrioles, we
could observe the hollow structure visible as a ring-like signal distribution of PolyE after
deconvolution of the images. However, this feature could not be revealed in the α-tubulin
channel which showed a displaced and insufficient signal distribution. The overlay of both
channels in the lateral view suggests impaired antibody accessibility when co-staining the
centriole.

In order to study the molecular architecture of the centrioles with improved resolution, we
tested two ExM protocols performing immunostaining either before or after expansion. To
provide a facilitated handling of the sample and reproducibility of the expansion experiments,
I developed an expansion workflow for cells and isolated organelles like centrioles immo-
bilized on round coverslips. The protocol uses cost-effective materials and is compatible
with all ExM variants. Protocols developed until then required either expensive chambers
containing a removable lid for gelation or custom-made gelation chambers made e.g. from
Teflon or poly(dimethylsiloxane) (PDMS). In addition, not all commercially available imag-
ing chambers are compatible for the synthesis of hydrogels as their material often contain
radical catchers which hinder the polymerization reaction. Also, these chambers require a
high volume of gel solution which leads to the formation of relatively thick gels that are
difficult to image in the expanded state and need to be cut into slices before imaging. In
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Figure 3.2: Centriole expansion us-
ing U-ExM. a-d, Nonexpanded (a)
and expanded (b-d) isolated centrioles
stained for PolyE (green, Alexa488) and
αtubulin (magenta, Alexa568) imaged
by confocal microscopy deconvolved by
HyVolution (HyV) post-processing. Cen-
trioles were expanded using ExM-GA
(b), MAP (c) or U-ExM (d). e, Diame-
ter of the centrioles in the different con-
ditions. Green and magenta dots rep-
resent PolyE and α-tubulin diameters,
respectively. Averages and standard de-
viation are as follows: PolyE: 308 ± 42
nm, 133 ± 27 nm, 225 ± 15 nm and 216
± 17 for ExM-GA, MAP, U-ExM and
non-expanded dSTORM respectively. α-
tubulin: 279 ± 29 nm, 130 ± 32 nm and
195 ± 12 nm, for ExM-GA, MAP and
U-ExM respectively. f, Isotropic expan-
sion measured as the ratio between the
centriolar length and diameter: ExM-GA
=1.8 ± 0.6, MAP=1.9 ± 0.9, U-ExM =
2.6 ± 0.3, Non- expanded SIM=2.6 ±
0.2. Scale bar, 100 nm (a), 450 nm (b-d).
(Material adapted from M1)

order to vary the thickness of the gels as desired and to allow the use of cover glasses which
are standard for seeding and immunostaining of cells, I designed an ExM workflow that
performs the gelation of the samples on a parafilm coated surface (Figure 3.3).

Parafilm is a hydrophobic film which is a standard material available in most biolog-
ical and chemical laboratories. A culture well plastic lid or a similar flat surface can be
coated with the film and serves as a gelation platform on ice (Figure 3.3a). Thanks to the
hydrophobicity of the film, the gelling solution forms a drop when it is placed on the surface
(Figure 3.3b). The cover glass with sample facing down can then be placed on top of the drop
which stays under the glass. Thereby, the thickness of the synthesized gel can be adjusted by
varying the volume of the gelling solution. After hydrogel formation the hardened gel is still
attached to the cover glass and can be easily removed from the film and together with the
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glass transferred to another well in which further steps like homogenization and expansion
are performed. The optimized expansion workflow described in Figure 3.3 allowed the
comparison of existing ExM protocols applied on isolated centrioles.

Figure 3.3: ExM workflow steps for cultured cells and isolated organelles. a, Preparation of
gelation. A culture plate lid covered with parafilm serves as a hydrophobic gelation surface and is
put on ice together with the gelling reagents (acrylic monomers, APS and TEMED). b, Gelation.
Depending on the size of the coverslip a 35-90 µl drop of the Gelling Solution is placed on top of the
parafilm coated plate. c, Zoom in on the highlighted area in (b). d, The coverslip with cells facing
down is placed on top of the gelling solution drop. The solution will spread out flat and stay under
the coverglass due to the hydrophobic properties of the parafilm. e, Humidified chamber. The image
shows the humidified chamber used for gelation. The plate with the sample is carefully transferred to
the tupperware with wetted tissue at the bottom of the container. The lid of the tupperware is closed
and put at 37°C for gelation. f-g, Transfer of gels. After homogenization of the hydrogel-sample
hybrid (digestion or denaturation), hydrogels are carefully transferred to an appropriate container for
expansion in water. h, Cutting of gels. Gels are cut in a recognizable shape that clearly identifies
the top and bottom of the gel. i, Measure gel size. During expansion the gel size can be measured
to determine the expansion factor which does not change within several washing steps when the
maximum achievable swelling is reached. (Material adapted from M4)

To test an ExM protocol which performs immunostaining pre-expansion, we treated
samples according the ExM-GA protocol [CHO+16] using glutaraldehyde as chemical linker
to incorporate fluorescently labelled antibodies directly into the hydrogel. The protocol in-
cludes the synthesis of the original ExM hydrogel with a chemical composition that achieves
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a ∼4.5-fold expansion factor. As a post-expansion labelling protocol, we performed the
MAP-Cell protocol [KSP+16] which first incorporates proteins into the hydrogel and labels
epitopes after denaturation and expansion of the sample.

We imaged ExM-GA and MAP expanded centrioles by confocal fluorescence microscopy
and determined the average diameters of expanded centrioles in frontal view for each condi-
tion (Figure 3.2b-c, e). Expanded lengths given in the following are divided by the expansion
factor determined by measuring the hydrogel size before and after expansion for the respec-
tive experiment. For ExM-GA treated centrioles an average diameter of 308 ± 42 nm for the
PolyE signal and a 279 ± 29 nm for the α-tubulin signal was determined. MAP expanded
samples showed an average diameter of 133 ± 27 nm for the PolyE signal and 130 ± 32 nm
for the α-tubulin signal. When compared to unexpanded dSTORM images where a diameter
of 216 ± 17 nm was determined for the PolyE signal the results showed a mismatch between
the measured diameter and the respective expansion factors for each expansion protocol.
The expected diameter of ExM-GA expanded centrioles was too large by a factor of 1.4
and too small for MAP expanded centrioles by a factor of 0.6. This suggests a defect in
the macromolecular expansion of centrioles introduced by the respective ExM-GA or MAP
treatment or an increased linkage error when using the ExM-GA protocol. This observation
was also evident in the investigation of the isotropy performed by comparing the length to
diameter ratio for unexpanded SIM to the respective expanded ratios (Figure 3.2f).

We tested and compared the performance of different FA and AA concentrations of the
FA/AA protein linking buffer in order to find optimal conditions for an isotropic expansion
of the centrioles. By avoiding an initial fixation step and by lowering the concentrations of
the MAP-Cell linking buffer for FA from 4% to 0.3–1 % and for AA from 30 % to 0.15–1%
resulted in intact centrioles with expected diameters (Figure 3.2d-e). The resulting diameter
of 225 ± 15 nm determined from U-ExM expanded centrioles is in good agreement with the
unexpanded diameter of 216 ± 17 determined as well as similar length to diameter ratios
of ∼2.6, for both unexpanded and expanded centrioles (Figure 3.2f). The diameter and
isotropy analysis confirmed the preservation of the near-native conformation of centrioles.
Remarkably, U-ExM could clearly reveal the 9-fold symmetry of centrioles in the PolyE
and as well in the α-tubulin signal when co-staining the sample. This shows an improved
epitope accessibility deriving from additional space created by the protein displacement.
Also, the distribution of the PolyE signal could be located at the central region of the organelle
(Figure 3.2d).
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In comparison with unexpanded dSTORM where the 9-fold symmetry cannot be clearly
resolved, images of U-ExM expanded centrioles acquired with a diffraction-limited confocal
microscope appear similar in image quality when taking the 9-fold symmetry as criterium
(Figure 3.4a-b). In combination with image post-processing by a deconvolution algorithm,
the image quality can be further improved by enhancing the signal-to-noise ratio (SNR).
With the reduced noise and enhanced contrast, the 9-fold symmetry becomes clearly visible
in U-ExM treated centrioles imaged with confocal microscopy (Figure 3.4c).

Figure 3.4: U-ExM reaches the dSTORM precision limits. a, Top, 2D dSTORM image of an
isolated centriole. b, Top, confocal image of an U-ExM expanded centriole. (c) Top, deconvoluted
image of the centriole shown in (b) obtained with Hyvolution. Bottom, magnified views (3-fold
relative to upper images) of the procentrioles shown in the respective image above. Scalebars, 250 nm
(a), 1µm (b,c). (Material adapted from M1)

3.1.2 The combination of U-ExM with super-resoltuion imaging

Confocal microscopes are diffraction limited and can reach a lateral resolution of ∼200-300
nm depending on the illumination wavelength. Imaging of expanded hydrogels improves
the resolution by a factor equal to the expansion factor of the sample. This enabled the
resolution of the 9-fold symmetry by an improved lateral resolution of ∼70 nm with the
achieved ∼4-fold expansion factor. The super-resolution technique STED is able to image
beyond the classical diffraction limit. In order to further improve the resolution of U-ExM
and to study the ultrastructure of centrioles, we combined U-ExM expanded centrioles with
STED imaging (Figure 3.5).
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Figure 3.5: U-ExM combined with STED imaging. a, Top, representative Dynamic Minimum
(DyMIN) STED images of procentrioles stained for α-tubulin and STAR RED conjugated antibodies,
highlighting their counter-clockwise or clockwise orientations. Bottom, the interpretation of such
orientations in a 3D schematic model. Arrowhead points to individual blades within a microtubule
triplet (11 out of 90 procentrioles). b, Quantification of the angle between the centre of the centriole
and the microtubule triplet, both from electron microscopy (123°±9° (mean±s.e.)) (n=77 triplets)
and DyMIN (120°±10° (mean±s.e.)) (n=65 triplets) images. P=0.0912, unpaired two-tailed t-test.
Scalebar, 200 nm (a). (Material adapted from M1)

STED images of U-ExM treated procentrioles clearly reveal the 9-fold symmetry and
additionally resolve the orientation of the microtubule triplets (Figure 3.5). So far, only
electron microscopy was able to quantify the average angle of the triplet blades measured
from the centre of the centriole to 123°±9° (mean±s.e.). The resolution improvement by
the combination of ∼4.2-fold U-ExM expanded centrioles with DyMIN STED allowed
the calculation of the preserved angle to 120°±10° (mean±s.e.) (Figure 3.5e). Thus, the
orientation of the centrioles could be determined to be clockwise or anti-clockwise depending
on the proximal or distal view of the organelle (Figure 3.5a).

3.1.3 Sub-microtubule triplet localization of tubulin glutamylation

Polyglutamylation is a tubulin posttranslational modification that is critical for long-term
stability of centriolar microtubules [BKM+98]. So far, the exact position of the modification
at the triplets could not be determined. This information could help in understanding how
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exactly the polyglutamylation protects the triplets. Therefore, we set out to analyse precisely
the signal distribution of the PolyE signal along the microtubule triplet when co-stained
for α-tubulin and expanded centrioles using U-ExM in combination with confocal imaging
(Figure 3.6a).

Figure 3.6: Sub-triplet localization of PolyE. a, Z-stack gallery from distal to proximal of an
U-ExM expanded mature centriole stained for α-tubulin (magenta) and PolyE (green). Arrowhead
points to the PolyE signal. b, 3D volume reconstruction of a mature centriole stained for α-tubulin
(magenta) and PolyE (green). c-f, Sections through the centriole spanning the proximal (c) and the
central core (d-f) regions. g-i, Image of the distalmost part of the central core of a mature centriole
stained for α-tubulin (magenta) and PolyE (green). Green arrowheads highlight the PolyE signal. The
white arrow illustrates the cross-section measured in (j). i, Schematic representation of microtubule
triplets superimposed onto the fluorescent signal shown in (g). j, Quantification of the fluorescence
shift between the magenta and the green signal of 21 nm (n=61). k-m, Model representation of PolyE
signal located on specific microtubule blades, A- (k), B- (l) and C- (m) microtubule triplet (MT).
Below, the fluorescence peak shift is represented with -17 nm, 4 nm and 20 nm for the A-, B- or
C-MT model, respectively. Scale bar, 200 nm (a, b, g), 300 nm (d-f). (Material adapted from M1)

In both distal and proximal view of the centrioles, we could observe a localization of
the PolyE signal at the outer region of the microtubule triplets. By particle averaging of
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14 U-ExM expanded centrioles imaged with confocal microscopy, we could simulate a 3D
model that shows the reconstructed volume of a mature Chlamydomonas centriole revealing
the average protein distribution of α-tubulin and PolyE (Figure 3.6 b-f).

The model confirms that PolyE fully decorates the outer surface of the central core region
of mature centrioles. This observation suggests that tubulin polyglutamylation shelters the
outer surface of centriolar microtubules thus potentially stabilizing centrioles. At the most
distal part of the mature centriole we analysed the exact localization of the PolyE signal
(Figure 3.6g). We measured a fluorescence signal shift between the tubulin and PolyE signals
with a displacement of the PolyE signal of 21 nm to the outside of the centriole (Figure 3.6j).
To assign the modification to the A-, B- or C- microtubule triplet (see Figure 3.6h for a
schematic of the triplet classification), we modeled the theoretical position of the α-tubulin
fully decorating all three triplets and PolyE only present at one of the microtubule triplets
(Figure 3.6 k-m). We therefore scaled cryo-EM data with the U-ExM expansion factor
(4.5-fold) and filtered the images with a bandpass filter of 140 nm to simulate the convolution
of the PSF of a confocal microscope in combination with deconvolution. The resulting
models could be used to calculate a theoretical fluorescence shift of PolyE with -17 nm, 4 nm
or 20 nm present at the A, B, or C-triplet, respectively. Our result of a 21 nm fluorescence
shift demonstrates that the polyglutamylation at mature centrioles occurs only at the C-triplet.

3.1.4 General applicability of U-ExM

We tested whether U-ExM is applicable with fixed cultured cells and therefore immunostained
microtubules and centrioles as well as the membrane-bound organelles mitochondria and
clathrin-coated pits (CCPs) in mammalian cells. We found that U-ExM treatment following
fixation of cultured cells nicely preserved methanol-fixed microtubules and mitochondria
fixed with Paraformaldehyde (PFA) and GA and stained for the outer mitochondrial mem-
brane translocase TOMM20 which surrounds the MitoTracker signal (Figure 3.7).

In a multicolour experiment, we fixed Cos-7 cells using FA and immunostained the cells
with primary tubulin and primary CCPs and fluorescently labelled secondary antibodies
as well as the DNA intercalator dye Hoechst-33342 to stain the nucleus of the cells (Fig-
ure 3.8a-c). By the treatment of U-ExM in combination with re-scanning microscopy, we
could clearly resolve the hollow structure of the clathrin coated vesicles (Figure 3.8d-e).
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Figure 3.7: U-ExM applied on hu-
man cells. a-d, Representative HyVo-
lution (HyV) confocal image of a
U2OS cell fixed with methanol, ex-
panded with U-ExM, and stained for α-
tubulin (magenta) and PolyE (green).
b–d, Magnified views of the centriolar
pair visible within the dotted square
in (a). P, procentriole; M, mature cen-
triole. Representative images from 3
independent experiments. e–h, Repre-
sentative HyVolution confocal images
of a U2OS cell fixed with PFA + GA
and stained for MitoTracker (orange)
and the outer membrane mitochondrial
translocase TOMM20 (cyan). The dot-
ted square in (e) outlines the region
shown at higher magnification in (f-h).
Note that as expected, the TOMM20
signal surrounds the MitoTracker sig-
nal. Representative images from 1 ex-
periment. Scalebars, 10 µm (a), 2 µm
(b-d), 12 µm (e), 3 µm (f-h). (Material
from M1)

Figure 3.8: Clathrin Coated Pits
(CCP) visualized after U-ExM treat-
ment. a, Cos-7 cells staind for tubulin
(magenta), CCPs (yellow) and DNA
(blue) imaged with a 10X objective.
b, Same cell as in (a) imaged with a
60X objective. c Zoom-in on the high-
lighted region in (b) with arrows indi-
cating hollow CCPs. d, Gallery of U-
ExM CCPs showing the hollow struc-
ture of the pits. e, Plot profiles along
the CCPs along the white dashed lines
in (d). Double Gaussian fits (blue line)
were used to calculate the diameter of
the CCPs. Using an expansion factor
of 4-fold, the values translate to: 72
nm, 110 nm, 178 nm, 90 nm and 102
nm. Scale bars, 40 µm (a), 4 µm (b),
400 nm (d). (Material from M1)
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3.1.5 Summary

The optimization of existing ExM protocols resulted in the development of a novel ExM
variant, U-ExM, which together with a facilitated workflow is amenable to study ultrastruc-
tural details of molecular complexes present in cultured cells as well as in in vitro purified
and isolated particles. U-ExM improved the structural integrity compared to other ExM
approaches and revealed the 9-fold symmetry of isolated centrioles, both for tubulin and
polyglutamylated tubulin. Combined with confocal imaging the sub-triplet localization of
polyglutamylated tubulin could be determined to the C-triplet. Moreover, in combination
with STED imaging the improved resolution shows the chirality of the microtubule triplets
which was so far only accessible by electron microscopy. As U-ExM benefits from improved
epitope accessibility, this approach could potentially overcome the limits of super-resolution
microscopy techniques by increasing the label density. In addition, fixation of samples often
causes artifacts in conventional immunostaining approaches [WB15]. U-ExM combined with
isolated organelles does not require a fixation step and thereby can improve the preservation
of the native structure of the specimen.
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3.2 Tracking down the molecular architecture of the synap-
tonemal complex by ExM

(This chapter represents the work of manuscript M1.)

The synaptonemal complex (SC) is a multiprotein complex which forms during meiosis
and is involved in the segregation of homologous chromosomes. We developed an opti-
mized expansion protocol which in combination with 3D-SIM imaging is able to study the
molecular composition of the SCs of a whole chromosome set in a spermatocyte cell with
a lateral resolution of 20-30 nm. As an optimized version of the MAP-protocol, we called
our approach MAP-SIM which allows multicolour expansion experiments with improved
epitope accessibility in big volumes. For the comparison of the performance of different
ExM protocols applied on SCs, we developed an image processing software which we used
for the unbiased analysis of SC dimensions.

3.2.1 Architecture of the synaptonemal complex

The SC is a multiprotein complex exhibiting an evolutionary conserved ladder-like structure.
So far, the molecular composition could mainly be revealed by immunogold EM. Thereby,
eight SC proteins were identified in mammals: the proteins SYCP2 and SYCP3 of the
lateral elements, SYCP1 of transverse filaments and the proteins SYCE1, SYCE2, SYCE3,
TEX12, and SIX6OS1 of the central element [FSAB12] [BFH18] (Figure 3.9). Recently, the
molecular three-dimensional organization of the SC could be reconstructed from the analysis
of 2D dSTORM measurements [SHF+15]. In this work, several SC proteins from the lateral
and central region of the SC were immunolabelled and visualized with nanometre precision
providing insights in the substructure of the helical SC. However, dSTORM imaging with
more than 2 colours can be very challenging and the observed optical section is substantially
lower than volumes imaged with 3D-SIM or 3D-Re-scan microscopy.

3.2.2 Development of the MAP-SIM approach

Expansion microscopy is a simple tool that can improve the resolution of an imaging method.
But it also confronts the user with some difficulties regarding the handling of the sample and
the duration of experiments. In addition, the results obtained must be viewed critically to
avoid the presence of artifacts caused by the expansion process.
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Figure 3.9: The SC structure. a, Schematic representation of the tripartite SC structure of mouse
showing the two lateral elements (LEs) consisting of SYCP2 and SYCP3 flanking the central element
composed of SYCE1/2/3, Tex12, and SIX6OS1. The transverse filament protein SYCP1 is connecting
the lateral element and the central element with the SYCP1 C terminus residing in the lateral and
the N terminus in the central element. b, Schematic representation of the helical structure of the
SC exposing frontal view sections and lateral view sections. Lateral elements (SYCP3, SYCP2) in
blue, central element (SYCE3-SYCE1, SIX6OS1, and SYCE2-TEX12) in green, transverse filaments
(SYCP1) in purple in accordance with (a). Individual transverse filaments are further marked with
asterisks. The lateral elements are not displayed in the lateral view section to expose the central
element and transverse filaments. (Material adapted from M2)

Compared to conventional imaging of unexpanded samples, it requires additional sample
treatment steps when imaging an expanded specimen. This includes the immobilization of the
sample to prevent drifting of the hydrogel. Furthermore, there is a reduction of fluorescence
signal introduced by the dilution of fluorescent molecules in space, the protease treatment
used in some ExM protocols and the exposure to radical starters which chemically attack
and destroy fluorophores during gel polymerization. This requires either fluorophores that
are stable to these external influences, strategies that introduce fluorophores after expansion
or an additional signal amplification. As the hydrogel mainly consists of water, the use
of water-immersion objectives is recommended to avoid spherical aberrations induced by
a refractive index mismatch between the hydrogel and the immersion medium. When
performing multicolour or 3D imaging, the preparation of alignment samples providing a
similar aqueous index as the hydrogel is required. To ensure an isotropic expansion, the
comparison of pre- and post-expansion images of the same cell has become a standard control
in ExM experiments. This requires an imaging strategy to relocate the same cells in the
expanded hydrogel.
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MAP-SIM workflow

The aim of this project was the development of an expansion and imaging approach that
addresses all the above-mentioned issues. As imaging methods, we combined the optimized
expansion protocol with 3D-SIM imaging and 3D-Re-scan confocal microscopy. This al-
lowed the analysis of the 3D molecular architecture of SCs in nuclear spreadings of mouse
spermatocytes. The spreading of spermatocytes is a widely used technique and is usually
performed on 24x60 mm cover slides. In order to perform gelation of the sample on round
18-mm coverslips as described under section 3.1.1, we optimized the cell concentration of
the cell suspension and performed the spreading of the SCs directly on 18-mm cover glasses.

Use of round cover glasses facilitated handling of the sample during gelation, homoge-
nization and physical specimen expansion (Figure 3.10).

Figure 3.10: Workflow of MAP-SIM expansion of SCs. 1, First, spermatocytes are extracted from
mice and then spread on round 18 mm coverslips. 2, After gel linker treatment, cells are gelated on a
parafilm coated culture-well on ice. 3, Hydrogels are then removed carefully from the cover glass and
placed into pre-heated denaturation buffer. After 1 hour of denaturation, gels are placed into water
for expansion. 4, Samples are immunolabelled successively with primary and secondary antibodies.
5, Immunolabelled gels are then immobilized on Poly-Lysine coated coverslips and additionally
embedded with agarose to prevent drift during imaging. 6, Samples can then be imaged with SIM or
another available imaging technique. After image acquisition, SIM post-processing results in the final
images (7) of SCs. (Material adapted from M2)
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SIM imaging has no special requirements on the used fluorescent probe which makes
it compatible with a wide range of organic fluorophores, FPs and other fluorescent labels.
However, SIM requires the acquisition of several images with various illumination patterns,
usually 5 phase steps in 3 angles per z-plane. Especially when imaging big volumes, long
acquisition times can cause photobleaching which influences the achievable resolution.

Expanded samples already exhibit a reduced brightness due to the fluorescent signal
dilution. Therefore, when performing pre-expansion labelling, bright fluorophores which
survive the gelation and further expansion steps must be chosen. As fluorescence reten-
tion varies between fluorophores [CTB15], multi-colour SIM imaging with pre-expansion
labelling methods can be very challenging and can only be performed with an additional post-
labelling step [CYW+17]. To perform multicolour imaging and to circumvent fluorescent
signal loss, I optimized the post-expansion labelling method MAP-Cell [KSP+16] where
fluorophores are introduced after expansion. This included the optimization of the monomer-
crosslinker composition of the hydrogel which allows a full transfer of the SC proteins to
the hydrogel network and a 4-fold expansion of the sample. As shown in Figure 3.10, the
hydrogel-sample hybrid is homogenized by heat and chemically induced denaturation and
subsequently expanded in double-deionized water.

Channel alignment

For channel alignment, fluorescent beads are immobilized on the coverslip used for sample
imaging and acquired together with the sample. As the sample z-plane is located deeper in
the hydrogel, acquisition of fluorescent beads in proximity to the glass surface can cause
aberrations in the channel alignment of the sample. Unfortunately, the separate recording of
fluorescent beads fixed in the hydrogel away from the cover glass was not possible as the
fluorescent dyes of the beads did not survive the radical polymerization sufficiently in all
channels. However, by using beads immobilized on the cover glass and surrounded by the
hydrogel, a sufficiently good alignment could be obtained.

Immobilization of the hydrogel

Immobilization of expanded hydrogels can be obtained in different ways. When performing
SIM imaging in big volumes, we coated the imaging cover glass with poly-lysine and addi-
tionally embedded the hydrogel in Agarose. This treatment allowed long-term acquisitions
of the sample in the expanded state without drifting of the sample.
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3.2.3 Comparison of super-resolution techniques applied on SYCP3

The lateral element of the SC is mainly formed by the SYCP3 protein. The two twisting
strands have a distance of ∼220 nm and can clearly be resolved in lateral view by dSTORM
and SIM imaging (Figure 3.11a-b and Figure 3.11d-e)

Figure 3.11: Super-resolution imaging of the lateral element protein SYCP3. a, SIM image of
unexpanded SYCP3 labelled with Alexa Fluor 568. b, dSTORM image of unexpanded SYCP3
labelled with Alexa Fluor 647. c, Expanded MAP-SIM SYCP3 signal (maximum intensity projection)
labelled with SeTau647. d-f, Magnified views of boxed regions in (a-c), respectively. The images
indicate that MAP-SIM provides a similar spatial resolution as dSTORM of 20-30 nm in the imaging
plane. Scale bars, 10 µm (a-c), 3 µm (d–f). (Material adapted from M2)

Applying the MAP-SIM protocol on spermatocyte spreads allowed the visualization of the
lateral element protein SYCP3 with similar resolution of dSTORM images (Figure 3.11c,f).
The protocol provides an improved epitope accessibility by the expansion process induced
protein displacement when performing immunostaining after expansion. Additionally, post-
expansion labelling reduces the linkage error introduced by the antibodies with the factor
of expansion. Thereby, the linkage error of ∼18 nm [WRO78] induced by primary and
secondary IgG antibodies in unexpanded samples should in theory reduce to ∼5 nm when
expanding the sample ∼4-times.
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3.2.4 3D-multicolor imaging MAP-SIM and image analysis

The MAP-SIM imaging workflow including the immobilization of the hydrogel and channel
alignment allowed the study of the SC proteins SYCP3, SYCP1 N terminus and SYCE3 in
3D. SIM imaging could be performed in volumes up to ∼15-20 µm and in volumes of ∼30
µm when combined with Re-scanning microscopy in up to three colours. (Figure 3.12).

Figure 3.12: 3D-multicolor MAP-SIM of SYCP3, SYCP1 N terminus, and SYCE3. a, SIM
image of post-expansion SeTau647 labelled SYCP3 as a component of the lateral element (red), the
transverse filament SYCP1 N terminus labelled with Alexa Fluor 488 (green), and SYCE3 of the
central element labelled with Alexa Fluor 568 (magenta). b, Magnified views of white boxed region
in (a). ii, Orthogonal view of horizontal white dashed line in (i). iii, Orthogonal view of vertical white
dashed line in (i). c, Transversal intensity profile perpendicular to the orientation of the SC shown
in (b). The selected section exhibits a bimodal distribution of the SYCP3 signal separated by 667.0
± 7.1 nm (SD). The SYCP1 N terminus and SYCE3 signals of the section (b) show monomodal
distributions with FWHM of 214.7 ± 6.9 nm (SD) and 258.3 ± 4.8 nm (SD), respectively. d, Large
field of view (100 x 100 x 30 µm3) 3D-re-scan confocal microscopy image of several spermatocyte
cells. SYCP3 was labelled post-expansion with SeTau647. e, Magnified view of boxed region in (d).
f, 3D-MAP-SIM image of the SCs of an entire set of chromosomes in a spermatocyte visualized by
post-expansion labelling of SYCP3 with SeTau647. The inset shows the enlarged view of the boxed
region in (f). Scale bars, 10 µm (a), 1 µm (b i-iii), 25 µm (d), 10 µm (e), 15 µm (f), 5 µm (f inset).
(Material adapted from M2)
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The expansion protocol allowed the imaging of an entire set of chromosomes in a
spermatocyte in combination with SIM (Figure 3.12f) as well as several spermatocyte cells in
one field of view by the combination with 3D-re-scan confocal microscopy (Figure 3.12d-e).
This enables the study of the protein distribution and composition of several SCs in 3D within
the same cell (Figure 3.12a-c). To quantify the SC dimensions, we developed an automated
image analysis software ‘Line Profiler’ which automatically and objectively determines
distances between bimodally distributed proteins [ZRS20] [ZSR19] (Figure 3.13).

Figure 3.13: Image analysis using LineProfiler. Images are analysed using the automated Line
Profiler software enabling analysis of protein distributions in several channels. The screenshot of the
graphical user interface (GUI) of the software is shown (left). After loading of SIM images as .tiff
or .czi file, image brightness, gaussian blurring and settings for the detection of single SCs can be
adjusted. The software detects single SCs and sets cross-sectional profiles pixelwise perpendicular
along the course of the SC. The structure detection can be performed either by selecting the channel
with a desired fluorescent signal of the central or lateral element. As an output, the software gives
averaged intensity profiles of single SCs in all channels as well as corresponding colour coded SCs in
a result image and data analysis results like peak-to-peak distances of Gaussian fitting or FWHM of
single Gaussian fits. These values can then be used to generate an averaged protein distribution curve
of the SC elements. (Material adapted from M2)

The software LineProfiler allowed the evaluation of the performance of different ExM
variants by comparing distances determined in expanded SIM and pre-expansion dSTORM
images. Remarkably, we could distinguish different labelling errors introduced by pre- and
post-expansion immunolabelling. The analysis of the signal distribution of the SYCP1 N
terminus and SYCE3 revealed bi- and multimodal protein distributions which suggest a
multi-layered organization of the central element (Figure 3.14).
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Figure 3.14: MAP-SIM reveals a complex organization of the SC central region. a, MAP-SIM
image of SYCE3 labelled with Alexa Fluor 568 (magenta), SYCP1N labelled with Alexa Fluor 488
(green) and SYCP3 labelled with SeTau647 (red). Lateral view sections of the SC are visualized as
twists in the SYCP3 signal (marked by white dotted boxes and indicated by arrows in the inset of (a)
showing only the SYCP3 channel.) b, Magnified view of white boxed region in (a). c, e, f, Enlarged
views of highlighted region in (b) showing the SYCP3 signal in red (c), the SYCP1N signal in green
(e) and the SYCE3 signal in magenta (f) with two sites selected for protein distribution analysis (1, 2).
d, Averaged profile of all cross-sectional intensity profiles along the SYCE3 (magenta) and SYCP1N
(green) signals analysed at regions specified in (a) by white dotted boxes showing a monomodal signal
distribution of 168.0 ± 1.1 nm for SYCP1N and 211.43 ± 0.89 nm (SD) nm for SYCE3 derived from
single Gaussian fitting. g, Cross-sectional intensity profiles of lateral view sections 1 and 2 of the SC
(indicated in e and f) show a multimodal organization of the central element protein SYCE3 (magenta)
and the N terminus of SYCP1 (green). Scale bars, 10 µm (a), 3 µm (b), 1 µm (c, e, f). (Material
adapted from M2)

3.2.5 Morphological features revealed by MAP-SIM

Analysing the SYCP3 signal in murine pachytene spermatocytes expanded with the MAP-
SIM approach revealed the occasional splitting of the LE in sub lateral elements (subLEs)
(Figure 3.15 a-d) and the doubling of the SYCP3 strands in autosomes (Figure 3.15 e-h). So
far, these structural features could not be visualized before by a light microscopy technique.
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Figure 3.15: Structural details of the SC lateral element revealed by MAP-SIM of SYCP3. a-
c,f,g The SYCP3 signal shows occasional bifurcation along the two SC strands (I–IV) and various
degrees of fraying at their ends depending on the respective pachytene stage (1–4). e, Unpaired regions
of the XY pair (arrowheads) also show a strong degree of fraying. d,h Schematic representations
of early EM reports of two or more sub lateral elements (subLEs) in mammals [DM80] [dGA86] in
accordance with the splitting of the SYCP3 signal resolved by MAP-SIM in this study. d, Representa-
tion of the lateral element strand splitting in two and fraying at its end according to literature [DM80]
and [dGA86]. h, Fraying of LEs associated with unpaired regions of the XY pair modelled according
to literature [dGA86]. Scale bars, 7 µm (a,b), 1.5 µm (c, g), 7 µm (e, f). (Material adapted from M2)

3.2.6 Summary

MAP-SIM is an optimized ExM approach which can be used for multicolour super-resolution
imaging of multiprotein complexes providing 20-30 nm lateral resolution in high imaging
volumes. We could demonstrate the applicability of MAP-SIM by expanding SC proteins
and confirming well-studied quantities of structural features of the SC and revealing details
of the protein distribution that could so far only be shown by electron microscopy. Improved
epitope accessibility of MAP-SIM makes it a promising tool in deciphering further details of
the SC architecture in future experiments. The improved labelling efficiency could be used
to study dense protein regions of the complex which in unexpanded states of the sample are
only poorly or not accessible by immunostaining. Additionally, the approach could be used
to study SC protein distribution changes in the SC composition and structure in different
meiosis stages with high resolution in multicolour immunolabelling experiments.
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3.3 Molecular resolution imaging by Ex-SMLM

(This chapter represents the work of manuscript M3.)

Since ExM is a sample preparation method, it is theoretically compatible with any
fluorescence microscopy technique. Combined with SMLM, ExM could potentially reach
the resolution of electron microscopy. However, SMLM techniques like dSTORM require
osmotically active imaging buffers for photoswitching of fluorophores. As hydrogels are
sensitive to osmotic liquids and hence shrink upon exposure to dSTORM imaging buffers,
the combination of ExM and STORM or dSTORM is challenging. The goal of this project
was the development of an expansion strategy which enables the combination of SMLM with
ExM.

3.3.1 Ex-SMLM workflow

I developed an expansion workflow which stabilizes expanded hydrogels by re-embedding
in a second uncharged acrylamide gel. Re-embedding is originally used for sequential
staining of RNA in the expanded state of the specimens in ExFISH [CWC+16]. Adapting
and optimizing this protocol step, enabled dSTORM imaging in combination with ExM
protocols which perform pre-expansion labelling like ExM, ExM-GA/MA-NHS and proExM
or post-expansion labelling approaches like MAP and U-ExM. The expansion protocol
included the immobilization of the hydrogel on Bind-Silane treated cover glasses [ZRS20].
Casting an acrylic hydrogel on top of Bind-Silane treated glasses, leads to the incorporation
of acrylamide monomers bound to the glass surface into the polymer network of the formed
gel. In this way, the expanded hydrogel is covalently bound to the glass surface and drifting
of the sample is avoided during dSTORM measurement.

As a reference structure, we immunostained α-tubulin in mammalian cells with primary
and secondary fluorophore labelled antibodies. For dSTORM imaging, usually the carbocya-
nine dyes Cy5 or Alexa 647 are selected as they outperform other dyes in photoswitching
properties. However, these fluorophores get chemically destroyed during gel formation
by radical starters like APS as they get attracted by the unconjugated backbone of these
molecules. We therefore selected antibodies coupled to the rhodamine dye Alexa Fluor
532 since it is relatively stable to radicals when performing pre-expansion labelling. Cos-7
cells immunolabelled and imaged with dSTORM pre-expansion using a water objective in
epi-illumination mode could reveal the hollow structure of the microtubule filaments visible
in the bimodal distribution of cross-sectional profiles (Figure 3.16).
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Figure 3.16: Re-embedding enables Ex-dSTORM. a,, Model of microtubules with an outer di-
ameter of 25 nm stained with conventional primary (pab) and fluorescently labelled secondary IgG
antibodies (sab) results in a total diameter of 60 nm with a linkage error (defined by the size of
the primary and secondary antibody) of 17.5 nm [WRO78]. b, dSTORM image of pre-labelled
proExM expanded and re-embedded Cos-7 cells stained with primary antibodies and secondary Alexa
Fluor 532 conjugated antibodies (Al532) for α-tubulin. The small logo in the upper left corner
symbolizes that microtubules have been immunolabelled before expansion (pre-labelled). c, Zoom
in on highlighted region in (b). d, Averaged cross-sectional profile of nine microtubule segments
with a total length of 29.1 µm measured in two cells from 1 expanded sample. e, Histogram of
peak-to-peak distances with normalized normal distribution curve (red) determined by bi-Gaussian
fitting of the data analysed in (c) with an average distance of 137.1 ± 10.1 nm (mean±s.d.). The data
were obtained from n = 9 microtubule segments in 2 cells from 1 expanded sample. f, Unexpanded
Cos-7 cells labelled with an anti α-tubulin primary antibody and Alexa Fluor 532 (Al532) conjugated
IgG secondary antibodies. The small logo in the upper left cornert microtubules have be symbolizes
thaen immunolabelled and not expanded. g, Zoom in of the white boxed region in (f). h, Average
intensity profile of 35 microtubule segments with a total length of 69.9 µm analysed in 12 dSTORM
images. i, Histogram of peak-to-peak distances with normalized normal distribution curve (red)
determined by bi-Gaussian fitting of cross-sectional profiles of the analysed microtubule segments in
(h) with a mean peak-to-peak distance of 36.2 ± 5.4 nm (mean±s.d.). The data were obtained from
n = 35 microtubule segments in 12 cells from 3 independent experiments. Scale bars, 2 µm (b,f), 500
nm (c,g). (Material adapted from M3)
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The extension of our image analysis software LineProfiler adjusted for the analysis of
filamentous structures like microtubules allowed the comparison of unexpanded and expanded
dSTORM images. The software automatically detects microtubule filaments in reconstructed
SMLM images and pixelwise sets cross-sectional profiles perpendicular along the course of
the filaments. The 2D projection of the cylindrical and hollow microtubule filament results
in a bi-modal signal distribution. By fitting a bi-Gaussian curve to the intensity profile, the
peak-to-peak-distance of the fit is defined by the distance of the tube wall decorated with
fluorescent labels. The typical peak-to-peak distance of unexpanded microtubules labelled
with primary and secondary IgG antibodies could be determined to 36.2 ± 5.4 nm (mean±sd)
using dSTORM((Figure 3.16)). This corresponds well with EM images of unlabelled and
immunolabelled microtubules, where the diameter of tubulin filaments could be determined
to 25 nm without antibodies and to 60 nm when decorated with primary and secondary
antibodies [WRO78].

3.3.2 Pre-labelling Ex-SMLM

Cos-7 cells were immunostained in the same way as labelling was performed for unexpanded
dSTORM experiments. Subsequently, the samples were expanded according the proExM
protocol with re-embedding after expansion in water. The peak-to-peak distance of expanded
microtubules increased to an average distance of 137.1 ± 10.1 nm (mean±sd). Since the
re-embedding step causes a decrease of the expansion factor of ∼20 %, this value fits
well for simulated peak-to-peak distances of 3.1-fold expanded and pre-expansion labelled
microtubule filaments using a cylindrical model (Figure 3.17).

3.3.3 Pre-labelling Ex-SMLM using DNA-labels

With the Ex-SMLM re-embedding approach, we were able to perform and compare different
labelling strategies for Ex-SMLM variants including approaches using DNA conjugated
IgG antibody labels as used in the original ExM protocol (Figure 3.17j-m) or conventional
IgG antibodies used in the ExM-GA method (Figure 3.17b-e). Tubulin filaments expanded
according the ExM-GA protocol showed an average peak-to-peak distance of 133.8±13.2
nm (mean±sd). As expected, this value is similar to the calculated proExM distance as in
both methods IgG antibodies cause the same broadening of the tubule diameter from 25 nm
to ∼60 nm. In both expansion protocols, the linkage error is increased by a factor equal to
the expansion factor of ∼3.2-fold.
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Figure 3.17: Re-embedding enables Ex-dSTORM. a, Simulated intensity profiles using a cylin-
drical distribution function to describe unexpanded or 3.2x expanded immunostained microtubules
(labelled with IgG antibodies or DNA modified IgG antibodies pre-expansion) and resulting peak-
to-peak distances of the cross-sectional profiles. b, dSTORM image of expanded and re-embedded
α- and β -tubulin pre-labelled with secondary Alexa Fluor 532 IgG antibodies (Al532) using the
MA-NHS/GA method, i.e. antibodies are cross-linked with GA into the hydrogel (Antibody-Al532
(GA)). c, Zoom in of white boxed region in (b). d, Averaged cross-sectional profile of 8 microtubule
segments with a total length of 28.6 µm measured in 4 expanded cells. e, Histogram of peak-to-peak
distance distribution with normalized normal curve (red) of microtubule segments analysed in (d)
with a mean distance of 133.8 ± 13.2 nm (mean±sd) f, Unexpanded dSTORM image of ssDNA-Cy5
secondary antibody hybridized with Cy5 bearing oligonucleotides pre-expansion (DNA-Cy5 protocol).
g, Magnified view of white boxed region in (f). h, Average cross-sectional profile of 7 microtubule
segments with a length of 8.7 µm in total. i, Histogram of peak-to-peak distances with normalized
normal distribution curve (red) of the data analysed in (h) with a mean distance of 43.9 ± 3.7 nm
(mean±sd). j, Expanded dSTORM image of microtubules labelled with α-tubulin and dsDNA (DNA-
Al532) conjugated secondary antibodies exhibiting a methacryloyl group to crosslink the DNA with
fluorophores pre-expansion into the hydrogel (original ExM trifunctional label concept). k, Zoom-in
of white boxed region in (j). l, Average intensity profile of 26 microtubule segments (118.6 µm in
total). m, Histogram of peak-to-peak distances with normalized normal distribution curve (red) of the
data analysed in (h) showing a mean distance of 226.7 ± 15.3 nm (mean±sd). n, dSTORM image of
α- and β -tubulin expanded according to the DNA-Cy5 protocol strategy with labels at Cy5-bearing
oligonucleotides introduced post-re-embedding. o, Zoom in of white boxed region in (n). p, Average
intensity profile of 15 microtubule segments with a total length of 126 µm from 1 expanded sample.
q, Histogram of peak-to-peak distances with normalized normal distribution curve (red) determined
by fitting the cross-sectional profiles analysed in (p) showing a mean distance of 201.0 ± 12.9 nm
(mean±sd). Scale bars, 2 µm (b,f,j,n), 500 nm (c,g,k,o). (Material adapted from M3)
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Additionally, we designed DNA labels which allow immunostaining before gelation but
add fluorescent probes after expansion by hybridization of fluorescently modified comple-
mentary DNA oligos or the use of Biotin-Streptavidin labelling (Figure 3.18).

Figure 3.18: Pre-labelling Ex-SMLM with post-expansion fluorophore introduction (post-
gelation staining). Schematic workflow of Post-gelation staining Ex-SMLM. Samples are first
immunostained with primary and secondary antibodies. As secondary antibodies IgG antibodies with
modified DNA are used, either containing a 40 base pair (bp) long ssDNA with an 5’acrydite linker or
a dsDNA bearing a tetramethylrhodamine (TMR) fluorophore on one strand and an acrydite linker as
wells as a biotin modification on the complementary strand. The samples are then gelated, digested
and expanded according to the ExM procedure. After expansion, hydrogels with incorporated DNA
labels are re-embedded and post-stained by either hybridization of Cy5 modified DNA oligos or Alexa
647 conjugated Streptavidin which recognizes the biotinylated DNA. (Material adapted from M3)

The Biotin-Streptavidin labelling strategy uses a DNA modified IgG antibody with an
internal Biotin DNA modification. Streptavidin is a homotetramer protein purified from
the bacterium Streptomyces avidinii and has a high affinity for biotin. Fluorophore tagged
Streptavidin can be used to introduce fluorophores after expanding and re-embedding of
the crosslinked biotinylated DNA label. In this way, Alexa Fluor 647 can be used to
perform Ex-SMLM on expanded samples. The peak-to-peak distance of the expanded Biotin-
Streptavidin-647 label was determined to 145.5 ± 16.9 nm and is slightly increased compared
to expansion protocols which incorporate IgG antibodies directly to the hydrogel. The biotin
modification is set at the 6th base pair (bp) away from the amine modification which is used
to couple the DNA to the IgG antibody. This could explain the increase in the peak-to-peak
distance compared to the values of proExM or ExM-GA expanded samples.

Similar to the Biotin-Streptavidin labelling strategy, the DNA-Cy5 post-gelation staining
approach uses a ssDNA which first gets incorporated into the hydrogel network and serves as
a template for Cy5 bearing oligos which are hybridized after re-embedding of the expanded
samples (Figure 3.17n-q). As immunostaining of the samples is performed before expansion
similarly to the original ExM protocol using DNA-Alexa Fluor 532 as label, both methods
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can be categorized as pre-expansion Ex-SMLM when combined with re-embedding and
dSTORM. Thereby the linkage error increases with the expansion factor as shown before for
samples treated according the proExM and ExM-GA/MA-NHS protocol.

Figure 3.19: Pre-labelling Ex-SMLM with post-expansion fluorophore introduction (post-
gelation staining). a, Unexpanded dSTORM image of Cos-7 cells imunostained with anti β -tubulin
antibody and Streptavidin Alexa Fluor 647 bound biotin modified secondary DNA antibodies. The
inset shows the pre-expansion fluorescence of the inserted TMR modification of the secondary DNA-
antibody conjugate, which can serve as a fluorescence control for imaging pre-expansion when biotin
labelling is performed post-re-embedding. b, Magnified view of the highlighted region in (a). c,
Averaged cross-sectional profile of 12 microtubule segments with a total length of 22.5 µm analysed
using the software ’Line Profiler’. d, Histogram of peak-to-peak distances determined by fitting a
bi-gaussian function to the averaged intensity profiles of the microtubule segments in (c) with a mean
distance of 43.4 ± 5.9 nm (mean±sd). e, Expanded dSTORM image of β -tubulin labelled as in (a)
but with biotin binding with Streptavidin Alexa Fluor 647 post-re-embedding. f, Zoom-in of white
marked box in (e). g, Average intensity profile of 15 microtubule segments each with a total length of
47.0 µm. h Histogramed peak-to-peak distances of analysed data in (g) with an average distance of
145.5 ± 16.9 nm. Scale bars, 2 µm (a,e), 10 µm (inset in (a)), 500 nm (b,f). (Unpublished data)

Our Lineprofiler results of DNA label ExM methods showed an additional increase of the
peak-to-peak distance caused by the size of the 40 bp long DNA strands used in the DNA-Cy5
protocol which resulted in an average peak-to-peak distance of 201.0 ± 12.9 nm (mean±sd)
as well as in the original ExM protocol using DNA-Alexa Fluor 532 which resulted in an
average distance of 226.7 ± 15.3 nm (mean±sd). The difference in the calculated distances of
the DNA labels can be explained by the coiling of the ssDNA which leads to an incorporation
of the label in the hydrogel closer to the microtubule wall. In contrast, the dsDNA is present
in a more stretched conformation and thus cross-links further away from the tubulin. Both
values fit well with simulated data which consider the length of the DNA (Figure 3.16a). The
difference to the shorter peak-to-peak distance of the expanded Biotin-Streptavidin-647 label
can be explained by the position of the biotin modification which is set on the 6th bp on the
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DNA strand compared to the furthest away fluorophore modification on the 36th bp and 42th

bp for Cy5 or Alexa Fluor 532, respectively.

3.3.4 Post-labelling Ex-SMLM

To increase the label density and brightness of the sample, we performed post-labelling using
primary and secondary antibodies on already pre-expansion immunolabelled samples and
performed 3D dSTORM (Figure 3.20).

Figure 3.20: 3D post-labelling Ex-dSTORM. SMLM image of re-embedded and post-expansion
labelled microtubules. a, 3D dSTORM image of re-embedded Cos-7 cells expanded according
to the Protein-Retention protocol (proExM) pre-labelled with anti α- and β -tubulin antibodies
and additionally post-labelled with anti α-tubulin. The secondary antibodies were labelled with
Alexa Fluor 532 (proExM Al532). The small logo in the upper left corner symbolizes the labelling
method, e.g. pre- and post-immunolabelling with Al532 secondary antibodies. b, Magnified view of
highlighted region in (a). c, xz-side view cross-sections (white lines) (i) and (ii) shown in (b) revealing
the hollow structure of microtubules. d, Magnified view of highlighted region (white box) in (b).
Since post-labelling dominates the signal, the method is termed proExM Al532 (post-labelled). e,
Averaged cross-sectional profile (blue) of 11 analysed microtubule segments along a total of 28.2 µm
filament of one expanded sample. The simulated cross-sectional profile for 3.2x proExM expanded
pre- and post-labelled microtubule assuming a pre- to post-labelling ratio of 0.1 is shown in red. f,
Histogram of peak-to-peak distances with normalized normal curve (red) of fitted profiles analysed
in (e) with an average distance of 79.5 ± 6.6 nm (mean±sd) analysed along n = 11 microtubule
segments in 2 cells from 1 expanded sample. g, Image projection of the xz-axes averaged along two
microtubule filaments (iv) and (v) shown in (b) (red dotted lines) using the “z projection analysis” of
the software Line Profiler. h, Cross-sectional profile (blue dots) of the xz-projection shown in (g).
Using a bi-Gaussian fit (red) the peak-to-peak distance is determined to 81.2 nm. Scale bars, 10 µm
(a), 5 µm (b), 1 µm (c) 500 nm (d), 100 nm (g). (Material adapted from M3)

In the xz-view of 3D dSTORM images of expanded and post-labelled microtubules,
we could clearly reveal the hollow structure of the microtubules using a water objective
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in epi-illumination (Figure 3.21c). When analysing the average peak-to-peak distance, we
observed a substantial shortening of the distance to 79.5±6.6 nm (mean±sd). This can
well be explained by a reduced linkage error caused by post-labelling Ex-SMLM using the
proExM protocol (Figure 3.21).

Figure 3.21: Signal dilution in pre- versus post-expansion labelling approaches. a, Model of
microtubules with an outer diameter of 25 nm stained with primary and fluorescently labelled
secondary IgG antibodies resulting in a total diameter of 60 nm with a linkage error (defined by the
size of the primary and secondary antibody) of 17.5 nm (as in Figure 3.16a). b, Model of a 3.3-fold
expanded microtubule immunolabelled pre-expansion as in (a) which results in an increase of the
inner diameter to 82.5 nm and a total diameter of 198 nm. The linkage error increases with the 3.3x
expansion to 57.75 nm. c, Model of a 3.3-fold expanded microtubule immunolabelled post-expansion
with primary and secondary antibodies resulting in a linkage error of 17.5 nm equal to the linkage
error in unexpanded labelling (a).

We next applied post-labelling 3D-Ex-SMLM on U-ExM treated isolated centrioles. We
therefore immunostained α-tubulin with primary and Alexa 647 fluorophore conjugated
secondary Fab fragments (Figure 3.22a-c). The 3D-dSTORM images of procentrioles and
mature centrioles could clearly reveal the 9-fold symmetry of the centrioles (Figure 3.22a-b)
in frontal view as shown before in combination of U-ExM and STED imaging in chapter 3.1.
In lateral view of the centrioles, we could clearly resolve single microtubule triplets which
have a distance of 15 nm (Figure 3.22c). These results demonstrate that post-expansion
Ex-SMLM achieves a resolution well below 15 nm. As an alternative strategy to perform
Ex-SMLM, we used the spontaneously blinking Si-rhodamine dye HMSiR [UKY+14] for
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immunostaining post-expansion.

Figure 3.22: Ex-SMLM of U-ExM expanded centrioles a-c, 3D dSTORM image of U-ExM
expanded and re-embedded Chlamydomonas centrioles stained post re-embedding for anti α-tubulin
with primary and Alexa Fluor 647 (Al647) conjugated secondary antibodies measured in MEA buffer.
b Zoom-in on highlighted region in (a). c, Side view of two mature centrioles with clearly separated
triplets. The inset shows the cross-sectional profile along the centriole (white box) showing five
distinct peaks of microtubule triplets (marked with arrow heads). d, Comparison of the diameters
determined from expanded centrioles measured using different protocols (re-embedded and labelled
with Al647, and imaged in MEA photoswitching buffer, labelled with HMSiR 647 and imaged in
water or in PBS (1x) buffer (pH 7.4)). Mean values are 657 ± 90 nm (mean±sd) for Al647 in
MEA buffer (n = 12 centrioles), 428±74 nm (mean±sd) for HMSiR 647 in PBS (n = 7 centrioles),
and 750±34 nm (mean±sd) for HMSiR 647 in water (n = 8 centrioles). Divided by unexpanded
diameters of α-tubulin labelled centrioles, expansion factors translates into ∼3.4x, ∼2.2x, and ∼3.9x
for expanded centrioles labelled with Al647 in MEA buffer, HMSiR in PBS (1x), and HMSiR 647 in
water, respectively. Statistical significance was assessed by one-way ANOVA: p < 0.02 (F = 3.80).
e–g, 2D dSTORM image of U-ExM expanded centrioles labelled with HMSiR 647 imaged in water
(e–f) or PBS(1x) (g). f, Zoom-in on highlighted region in (e). h, 3D dSTORM image of unexpanded
isolated centrioles immunostained with antibodies against glutamylated tubulin and Al647 conjugated
secondary antibodies. Scale bars, 1 µm (a,e), 500 nm (b,f,g), 1.5 µm (c), 250 nm (h). (Material
adapted from M3)

We performed dSTORM in water with a ∼4-fold expansion factor and in PBS with
optimized pH achieving an expansion factor of ∼2-fold. The resulting dSTORM images
acquired in PBS gave similar results as unexpanded dSTORM images (compare Figure 3.22g
and Figure 3.22h). In water, again the 9-fold symmetry in frontal view and single triplets in
lateral view could be clearly resolved (Figure 3.22e-f).The analysis of z-galleries of expanded
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centrioles re-embedded and post-labelled with Alexa Fluor 647 shows ring-like sub-structures
within the microtubule triplets. In some triplets three distinct areas could be distinguished
which could correspond to the A, B and C microtubule triplets resolved by post-Ex-SMLM
(Figure 3.23).

Figure 3.23: Resolving sub-structures of centriole microtubule triplets. Post-labelling 3D Ex-
dSTORM images of expanded centriole displayed in 2D. Single z slices z1-z15 of an image stack
with 30 nm z-steps are shown as well as the maximum intensity projection of all z-slices (z1-z15).
Highlighted regions (white boxes) are shown in the lowest panel. The ring-like structures in centriole
triplets shown in z4, z9 and z13 indicate hollow microtubules. Similar results could be observed in
n = 6 procentrioles imaged in 2 independent expansion experiments. Scale bars, 500 nm (z1-z15),
100 nm (zoom-in of z4, z9, z13). (Material adapted from M3)



60 Results and Discussion

3.3.5 Summary

We successfully demonstrated the combination of SMLM with ExM using different protocol
strategies. Re-embedding represents a solution to circumvent the shrinking of the hydrogel
upon exposure to photoswitching buffers. This allows performing dSTORM on expanded
samples with so far unmatched resolution using different ExM labelling strategies. We
could demonstrate reduction of the linkage error when performing post-labelling Ex-SMLM
which could reveal the hollow structure of microtubules in 3D measurements. The improved
labelling efficiency caused by the smaller linkage error and improved epitope accessibility
gives post-labelling Ex-SMLM a big advantage compared to pre-expansion Ex-SMLM
approaches and conventional super-resolution imaging techniques. In addition, we showed
that the use of spontaneously blinking fluorophores enables Ex-SMLM in water without the
need of re-embedding the sample. We applied the Ex-SMLM protocols to isolated centrioles
and performed 3D dSTORM in which we could resolve ring-like sub-structures of centrioles
demonstrating the resolution of individual microtubule triplets.



Chapter 4

Conclusion and Outlook

Expansion Microscopy is a sample preparation tool which allows imaging with nanoscale
precision using conventional diffraction-limited microscopes. The resolution improvement
is achieved by the physical expansion of specimens. This method can be combined with
any fluorescence microscopy technique that works with fixed specimens and does not need
an interaction between optical instruments in close contact to the sample as in the case of
near-field microscopy. For biologists, the combination of ExM and confocal imaging adds a
super-resolution technique to their toolbox without the need of expertise in a super-resolution
imaging technique or expensive microscopic setups.

Furthermore, the combination of ExM with a super-resolution microscopy technique
represents a powerful tool to decipher the structure and function of biomolecules and macro-
molecular cellular components with so far unattained resolution. However, the development
of a reliable expansion procedure can be very challenging since the use of a hydrogel and
the physical expansion requires new strategies in sample handling and makes the procedure
prone to image artifacts. By careful optimization of existing ExM approaches, it is possible
to develop expansion strategies which achieve an isotropic expansion that maintains the
native state of the biological sample and allows combination with modern imaging tech-
niques like SIM, dSTORM or STED. In this way, ExM can address issues that conventional
super-resolution techniques are still confronted with, namely labelling efficiency and fixation
artifacts.

ExM technology has constantly been developed in recent years in terms of improved hy-
drogel compositions that yield higher expansion factors and improved network homogeneity
as well as labelling strategies to enhance the fluorescent signal. Due to the increase of the
linkage error of the label with the expansion factor, smaller labels than the conventionally
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used antibodies or post-expansion labelling strategies that are compatible with the ExM
treatment will be necessary in future. There would otherwise be no improvement in the
effective resolution when the displacement of detected molecules by physical expansion
exceeds a certain order of magnitude since this will likely be greater than the precision of the
imaging technique being used.

Labels reducing the linkage error

In future ExM studies, an acrydite linker introduced directly to proteins by click chemistry
before or after expansion could represent a strategy which completely avoids the use of
antibodies and substantially reduces the linkage error. This could enable true molecular
resolution imaging when combining click chemistry with Ex-SMLM. However, clicking after
expansion could be challenging as azide, alkene or alkyne groups get chemically attacked
by radicals during hydrogel formation. Either clicking before expansion and selecting
fluorophores which survive the hydrogel formation, or strategies which protect the clicking
site from radicals or polymerization of hydrogels without the use of radicals are required. The
compatibility of other small labels like nanobodies or SBPs with post-expansion labelling
Ex-SMLM could also be tested.

Improved linkage error and label density by post-expansion labelling

Post-expansion labelling approaches improve epitope accessibility by exposing epitopes
sheltered in the center of proteins and create space in dense protein regions where antibodies
normally would sterically hinder each other due to their size. These effects and the shrinkage
of the linkage error with increased expansion factors could potentially solve limiting factors
of improved super-resolution microscopy methods. The Nyquist criterion is often taken to
describe the required localization density in SMLM studies to resolve a structure of a given
size. It states that the label density requires a ∼2-fold greater spatial frequency of molecules
compared to the desired resolution. By simulating localization microscopy data, Legant et
al. [LSG+16] even suggested that it requires a ∼5-fold greater level of labelling density
compared to the Nyquist criterion. Post-labelling ExM approaches like the U-ExM, MAP-
SIM or Post-labelling Ex-SMLM achieve higher label densities due to improved epitope
accessibility and could hence be a way to meet the required number of molecules.

U-ExM

U-ExM combines several advantages compared to other ExM protocols. First, the epitope
accessibility and label density are improved by the displacement of proteins during expansion.
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In addition, we could demonstrate that the approach preserves the native structure of isolated
centrioles better than other ExM variants like the original ExM or MAP protocol. When
expanding isolated organelles, a fixation step before gelation is not necessary with the U-ExM
approach which can lead to structural defects in conventional imaging approaches. However,
in expanding the synaptonemal complex it has been shown that U-ExM could not guarantee
an isotropic expansion of the multiprotein complex. We observed structural breaks of U-ExM
treated SCs which indicates an insufficient incorporation of the protein content of the SC.
This underlines the importance of verifying the expansion isotropy in each ExM experiment.
Images of expanded samples must be carefully considered, and protocols may need to be
optimized depending on the type of the biological sample.

MAP-SIM

Studying biological complexity requires 3D imaging of several labels in high volumes and
with high resolution. The MAP-SIM approach achieves a lateral resolution of ∼20-30 nm and
brings the advantage of SIM imaging which allows multicolour imaging in greater volumes
than SMLM. The MAP-SIM gel composition is optimized to achieve a ∼4-fold expansion
and allows the complete transfer of the protein content of multi-protein complexes like the
synaptonemal complex. With the optimized MAP-SIM approach, we were able to resolve
sub-structural features of the lateral element of the SC and study the distribution of several
proteins within the SC. The advantage of improved epitope accessibility by MAP-SIM could
potentially reveal further sub-structures in dense protein regions of the SC which so far could
not be revealed by super-resolution techniques or EM studies. In addition, MAP-SIM is an
imaging tool which also can be used to study other organelles or biopolymers in cells or in
vitro.

Ex-SMLM

Advanced super-resolution methods including interferometric or patterned illumination
single-molecule localization [GLZ+19] [CHT+20] and Minflux [GPB+20] can now localize
single emitters with a precision of only a few nanometres. But these techniques are still
limited in achieving true molecular resolution as limitations in labelling efficiency and linkage
error prevents imaging in the sub-10 nm regime. The development of Ex-SMLM including
the stabilization of hydrogels by re-embedding allowed for the first time a direct experimental
comparison of the linkage errors for pre- and post-labelling strategies in ExM experiments.
Post-immunolabelling Ex-SMLM thereby demonstrated many advantages compared to pre-
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immunolabelling Ex-SMLM and conventional SMLM of unexpanded samples especially
with regard to labelling efficiency and linkage error.

Ex-SMLM combined with iterative ExM

The combination of swellable hydrogels and uncharged re-embedding gels containing differ-
ent crosslinker molecules that can be melted upon exposure to e.g. high pH could potentially
provide a new expansion and stabilization strategy for expanded hydrogels providing higher
expansion factors for Ex-SMLM. This would involve the design of short DNA labels provid-
ing linker moieties that can be transferred between the different gels.

A possible workflow could first cross-link proteins into the hydrogel performing the
MAP-SIM protocol including AA-FA incubation, MAP-SIM hydrogel formation containing
DHEBA as crosslinker instead of BIS-acrylamide, denaturation and ∼4.5-fold expansion in
water followed by re-embedding in an acrylamide gel again containing DHEBA as crosslinker
(e.g. 10% AA, 0.2% DHEBA). Then, post-expansion immunostaining with ssDNA coupled
to IgG containing an acrydite DNA modification could be performed. Here, the design of
short DNA strands would decrease the positional error introduced by the label. In addition,
the acrydite linker modification at the DNA could be positioned in close proximity to the
IgG-DNA coupling site. After immunostaining, a second swellable gel could be polymerized
containing BIS-acrylamide as crosslinker in which the ssDNA label is anchored. The first
gel and re-embedding gel could then be dissolved by incubation in a buffer with high pH and
the second gel could be expanded another ∼ 4.5-fold. Next a second re-embedding gel could
be cast to keep the second gel in the ∼20-fold expanded state and fluorophore tagged DNA
labels could be hybridized and Ex-SMLM imaging could be performed.

Optionally, similar to triple round expansion experiments performed in iExM [CCY+17],
the first MAP-SIM gel and first re-embedding gel could be crosslinked with a disulfide-
containing crosslinker N,N’-cystaminebis-acrylamide which can be cleaved with tris(2-
carboxyethyl)-phosphine (TCEP) and is resistant to NaOH. The DNA would then be linked
into the second gel (with DHEBA as crosslinker) and the first gel and first re-embedding
gel could be cleaved. For stabilization of the second gel, a second re-embedding gel with
DHEBA as crosslinker could be used. In this state, gels would theoretically be ∼20-fold
expanded. It would then be possible to strip the dsDNA linker using DNase1 and introduce
another DNA strand to the remaining crosslinked DNA which is equipped with an additional
linker. A third acrylamide gel with BIS-acrylamide as crosslinker could be polymerized
in which the linker is finally anchored. By incubation in NaOH the second re-embedding
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gel and second gel would be dissolved. The third gel would then contain the DNA label
which could be labelled with a complementary fluorphore bearing DNA oligos after DNase1
treatment. With this alternative, only one gel would remain as the final gel. This could be an
advantage compared to the first strategy described above where the refractive index mismatch
of two gels could lead to opacity of the gel which might affect image quality.

Ex-SMLM combined with X10 microscopy

Another simpler strategy to increase the expansion factor when performing Ex-SMLM could
potentially be achieved by combining the X10 hydrogel with the re-embedding approach.
With a ∼20% reduction in size of the expanded hydrogel as shown with original ExM
hydrogel composition, the expansion factor would still be ∼8-fold after re-embedding. The
combination of incorporation of the protein content as in MAP or U-ExM protocols followed
by expansion in the X10 gel could also be tested with or without re-embedding.

Ex-SMLM as a validation tool

The high resolution and single-molecule sensitivity achieved by Ex-dSTORM could be
used as a tool to validate the nanoscale expansion uniformity of different hydrogels like the
original ExM gel, the X10 gel or the recently developed tetra-gel (TG). Therefore, DNA
origami nanorulers [RJM+18] [ST18] with precisely known distances of fluorophores could
be investigated at the nanometre scale.

LineProfiler

LineProfiler is a tool which could become very valuable to the scientific community using
super-resolution microscopy techniques. Manually set cross-sectional profiles along reference
structures like microtubules often have been used to claim an achievable structural resolution
by a microscopy technique. These results are often user-biased and cannot be used to
compare values of other publications. Our software provides an unbiased analysis of peak-
to-peak distances set along several entire filamentous structures in an image. This provides
comparability of obtained values and can be used to compare different methods including
conventional imaging techniques, Ex-SMLM variants or other imaging techniques combined
to ExM.

Ex-SMLM combined with murine brain tissue

Together with Janna Eilts from the department of biotechnology and biophysics in Würzburg,
I expanded the synaptic scaffold proteins Bassoon and Homer in synapses of mouse brain
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tissues. We immunostained these proteins pre-expansion with primary and secondary Alexa
Fluor 532 conjugated antibodies. After incubation of AcX as a crosslinker molecule we
expanded the samples according to the proExM protocol and subsequently re-embedded the
samples. First results revealed bar-like structures that are typical for these proteins located
along the synapses (Figure 4.1).

Figure 4.1: Ex-SMLM applied on brain tissue. a, dSTORM image of Homer and Bassoon im-
munostained with primary and secondary antibody (stained with Alexa Fluor 532) in mouse brain
tissue. i-iv, Zoom in on white-boxed regions in (a).

In further experiments, the performance of post-expansion labelling Ex-SMLM on brain
tissue could be a versatile tool to investigate synaptic proteins. The improved epitope
accessibility and resolution improvement could help to investigate the spatial difference
between post- and presynaptic localization of proteins separated by the synaptic cleft within
a distance of 15-25 nm [Sau13].

ExM combined with Lattice Light Sheet Microscopy

High-resolution 3D-imaging away from the coverslip and deeper into thick specimen re-
mains challenging for super-resolution techniques as out-of-focus background and premature
bleaching of fluorophores limits these techniques. ExM-processed samples mainly consist
of water (> 99%) which eliminates scattering of light and allows imaging deep into thick
tissue or cells. This makes ExM suitable for fast imaging methods which rely on transparent
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samples like light sheet fluorescence microscopy or the advanced version lattice light sheet
microscopy. In combination, these technologies provide fast 3D imaging with nanoscale reso-
lution. Gao et al. [GAU+19] demonstrated stunning results when combining ExM and LLSM
(ExLLSM) in the visualization of subcellular structures in the brain in a cortex-spanning
volume in the mouse and in a brain-wide volume in Drosophila at 4-fold expansion. The high
speed and nanometric 3D resolution could make ExLLSM a powerful tool for anatomical
studies of expanded tissues in pathology.
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λ Wavelength
Å Ångström
AA Acrylamide
AcX Acryloyl-X,SE (6-((acryloyl)amino)hexanoic acid)
APS Ammonium persulfate
BisAA N, N‘-methylenebisacrylamide
CCP Clathrin-coated pit
CE Central element
CLSM Confocal laser scanning microscopy
DHEBA N,N’-(1,2-dihydroxyethylene) bis-acrylamide
DNA deoxyribonucleic acid
dsDNA Double-stranded deoxyribonucleic acid
FA Formaldehyde
FP Fluorescent protein
FWHM Full width half maximum
GA Glutaraldehyde
GCE Genetic code expansion
GFP Green fluorescent protein
GSDIM Ground-state-depletion imaging
GUI Graphical user interface
HE Hematoxylin and eosin
EM Electron Microscopy
ExM Expansion Microscop
iExM Iterative expansion microscopy
IgG Immunoglobuline G
KPS Potassium persulfate
LLSM Lattice Light Sheet Microscopy
LNA Locked nucleic acid
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Lys Lysine
LE Lateral element
MA-NHS Methacrylic acid N-hydroxysuccinimidyl ester
MAP Magnified analysis of the proteome
NA Numerical aperture
NaOH Sodium hydroxide
ncAA Non-canonical amino acids
NSOM Near-field scanning optical microscopy
PEG Polyethyleneglycol
PALM Photo activated localization microscopy
PDMS Poly(dimethylsiloxane)
PFA Paraformaldehyde
PMT Photomultiplier tube
PolyE Polyglutamylation
PSF Point spread function
QD Quantum dot
proExM Protein retention expansion microscopy
RSFP Reversibly switchable fluorescent proteins
SAP Superabsorbent polymers
SBP Super-binding peptides
SA Sodium acrylate
SC Synaptonemal complex
SD Standard deviation
SE Succinimidyl esters
SEM Standard error of the mean
SIM Structured illumination microscopy
SMLM Single-molecule localization microscopy
SNR Signal-to-noise ratio
SRM Super-resolution microscopy
SOFI Super-resolution optical fluctuation imaging
ssDNA single-stranded deoxyribonucleic acid
STORM Stochastic optical reconstruction microscopy
TCEP Tris(2-carboxyethyl)phosphine
TEMED Tetramethylethylenediamine
TG Tetragel
TMR Tetramethylrhodamine
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