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Abstract

To investigate the molecular and cellular foundations of biological functions, achieving
nanoscale spatial resolution in biomolecular imaging is essential. Expansion microscopy (ExM)!,
a new kind of super-resolution microscopy, enables this by physically enlarging preserved
biological specimens. Thus allows the investigation of structure-function relationships at
nanoscale resolution using conventional diffraction-limited microscopes. ExM involves a series
of chemical processes, including anchoring, polymerization, softening, and expansion. Before
biomolecules are secured to the gel network, there is a risk that fixation and these chemical steps
may alter the integrity and organization of the biomolecules. As resolution increases, previously
indiscernible structural changes become visible, highlighting the importance of preserving
ultrastructure. In this thesis, we present several ultrastructure preservation methods that minimize
perturbations during sample preparation and maintain the integrity and organization of
biomolecules. We name the one strategy with better performance subzero temperature expansion
microscopy (subExM), which showed improved structure preservation and fluorescent signal
intensity. This method holds promise for broadening our understanding of biological systems and
paves the way for elucidating how structural variations underpin functional differences across

healthy and diseased states.
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Chapter 1 Introduction

1.1 Thesis Organization

This thesis is composed of two main parts: the first part of the thesis focuses on ultrastructure
preservation with cleavable fixative for expansion microscopy (ExM), and the second part of the
thesis focuses on subzero temperatures expansion microscopy (subExM) where the key steps of
structure preservation (fixation, anchoring, and gelation) are conducted at cold temperatures. The
background, motivations, and applications of ExM are thoroughly discussed in Chapter 1. This
chapter is adopted from an unpublished review paper written with Dr. Chi Zhang and Professor
Ed Boyden, providing a comprehensive introduction to the ExM. The design, screening and
performance improvements of cleavable fixative are described in Chapter 2. The motivation and
design and performance improvements of subExM are described in Chapter 3. Finally, Chapter 4
concludes the thesis and outlines potential directions for future work, aiming to further refine and
expand the methodologies developed in this thesis for broader applications in biomolecular

imaging.

1.2 Expansion Microscopy

Microscopy is a foundational tool widely used throughout biology because the components of
biological systems, such as cells, organelles, and biomolecules, are all microscale to nanoscale
and require microscopes to study their structures, organizations, and functions. Historically,
many biology fields started with observations made under a microscope. Around the end of the
seventeenth century, Antoine van Leeuwenhoek and Robert Hooke used their self-built
microscopes to discover microorganisms, which commenced the field of microbiology. About
two hundred years later, Santiago Ramon y Cajal made beautiful drawings of individual nerve
cells by examining chemically stained brain tissues under a microscope, which laid the

foundation of modern neuroscience.

To this day, microscopy has become the backbone of modern biological research and has been
integrated into the day-to-day work of biologists; many biology research papers contain
microscopy images of biomolecules, cells, or tissues. Particularly, optical microscopes,
especially fluorescence optical microscopes, have been the primary tools to visualize

biomolecules in cells and tissues, largely because of the development of many fluorescent
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reagents, such as fluorescent proteins, fluorescent dye-conjugated antibodies, and fluorescent in
situ hybridization probes, that selectively label biomolecules of interest. Such molecular contrast
and specificity provided by fluorescent labels, together with the ability of the microscope to
image multiple colors in the same specimen, enables researchers to study the spatial relationships
amongst biomolecules and between biomolecules and their cellular and tissue environment,
which are important for understanding biomolecular functions that change in response to

alterations of biomolecular localizations and interactions.

However, due to the diffraction of light by lenses, conventional optical microscopes cannot
resolve objects within a few hundred nanometers — a size far greater than a single biomolecule
such as a protein. This means that, under conventional optical microscopes, nanoscale cellular
structures and biomolecules will be shown as blurred images, making it difficult to discern
accurate structures, spatial relationships, and localizations of biomolecules within small

organelles, subcellular nanostructures, and microorganisms such as bacteria and viruses.

Through engineering the physical and optical mechanisms of the microscope, super-resolution
microscopy has broken the diffraction limit and achieved imaging resolution down to
nanometers, thus enabling imaging of single molecules and nanoscale biological structures (see
references 2> for reviews on the principles and applications of super-resolution microscopy).
Although powerful, super-resolution microscopy requires specialized hardware and software, has

slow imaging speeds, and is difficult to use for imaging tissue volumes.

We recently showed that one could do nanoimaging on conventional diffraction-limited
microscopes by chemically enlarging the preserved biological specimen in a process that we call
expansion microscopy (ExM)!. Rather than optically breaking the diffraction limit, ExM
physically magnifies preserved biological specimens, and evenly separates biomolecules within

diffraction-limited volumes to resolve them under conventional diffraction-limited microscopes.

Over the last several years, variants of ExM have been developed to image biomolecules

including proteins’*!°  nucleic acids

4,10

15-20 11,14,21,22

, polysaccharides'?, lipids , and small
molecules™'”, and have been applied to a diversity of species, tissue types, and cell types, for the
nanoscale mapping of biomolecules in healthy and disease states. Previous ExM reviews from
our group and others have primarily focused on the history and early technologies up to 20193,
applications to visualize protein-based cellular structures in cells and tissues®, or recent ExM

anchoring and labeling chemistries for specific types of biomolecules®>*°.
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1.3 General Chemistry Principles of Expansion Microscopy

ExM builds on physical and chemical discoveries dating back decades, including the study of
polymer physics of how polyelectrolyte hydrogel swell when immersed in water, such as the
work of Toyoichi Tanaka in the 1970s*’, and the use of polyacrylamide hydrogel for tissue
embedding to facilitate staining and imaging, such as the work of Peter Hausen and Christine
Dreyer in the 1980s®. The polymer spacings within such hydrogels are as small as a few
nanometers?’, making us think that perhaps the spatial errors introduced from synthesizing such
polymers throughout biological samples and the following expansion process could also be as

small as a few nanometers, and that these polymers might be used in nanoimaging.

All forms of ExM follow the same fundamental chemistry principles (Figure 1) designed to
ensure the isotropic 3D expansion of the biological specimen and the faithful preservation of the
spatial information of biomolecules. Optionally, before the ExM process, one could apply labels
to the biological specimen to equip biomolecules with reporters, such as fluorescent dyes, for
detection after expansion. The ExM process starts with a first step in which biomolecules and/or
their labels within the preserved biological specimen are modified with handles for crosslinking
to the hydrogel network. Next, hydrogel monomers are uniformly diffused throughout the
biological specimen and a polyelectrolyte hydrogel is evenly and densely synthesized within the
specimen, with polymer chains going around and between biomolecules and/or their labels, so
that the biomolecules and/or their labels are linked to the hydrogel network. Then, the sample is
mechanically softened by enzymatic digestion or denaturation to disrupt interactions within and
between biomolecules. Finally, water is added to the sample, causing the hydrogel and the
specimen embedded within the hydrogel to isotopically expand in 3D, thus evenly separating the
hydrogel-linked biomolecules and/or their labels in space. If no labels have been added to the
biological specimen before expansion, one could label biomolecules after sample expansion.
Adding labels before expansion might be more straightforward for many users because the labels
are administered in a way similar to conventional sample labeling protocols. In comparison,
adding labels after sample expansion, although less familiar to the users, may have the benefit of

better labeling and higher imaging accuracy.
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Figure 1 Principles and workflows of ExM

First, biomolecules and/or their labels in preserved biological specimens are conjugated with
hydrogel anchors (step 1). Then, the ExM hydrogel is synthesized uniformly and densely
throughout the biological specimen, which crosslinks biomolecules and/or their labels to the
hydrogel polymer chains (step 2). Enzymatic digestion or denaturation is used to mechanically
soften the hydrogel-embedded specimen (step 3). After treatment with water, the specimen
expands in 3D (step 4). Expansion increases the distance between biomolecules and/or their
labels (M nm) by the linear expansion factor N, resulting in a post-expansion distance of M x N
nm, and effectively improves the imaging resolution by N-fold. Imaging resolution is limited by
the spatial errors introduced from the hydrogel synthesis and expansion process, which in
principle could be as small as a few nanometers?’.

Most ExM protocols expand the specimen by ~4-5x in each linear dimension, resulting in ~4-5-
fold improvement of the imaging resolution of a microscope. For example, images of a ~4.5x
linearly expanded sample acquired using a microscope with ~300-nm resolution will have an
effective resolution of ~300/4.5 = ~70 nm. By optimizing the ExM hydrogel system, one could
expand the sample once beyond ~4.5x and up to ~10x to improve imaging resolution'*3%3! Tt is
also possible to expand the sample twice in succession, resulting in ~4.5 x 4.5 = ~20x expansion

in each linear dimension, and an imaging resolution of ~25 nm with a diffraction-limited
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confocal microscope.” Such an imaging resolution is comparable to that of the best super-
resolution imaging method applied to cells and tissues, but is slightly larger than ~300/20 = ~15
nm, primarily owing to the spatial errors of the hydrogel synthesis and expansion process.
Similar to super-resolution microscopy, ExM methods that apply labels (e.g., antibodies) before
sample expansion will add additional spatial errors because the fluorophores (e.g., those attached
to secondary antibodies) are displaced from the target biomolecules.” Such spatial errors from the

labels can be reduced by applying the labels after sample expansion.

ExM has been validated by multiple labs, with many forms of ExM protocols, in diverse
biological structures, cell types, and tissue types. Specifically, ExM protocols has been validated
by two approaches, either by comparing images of the same region of interest acquired with
ExM versus with traditional super-resolution microscopy methods, or by examining ExM images
of biological structures that have well-known geometries and topologies. In the first validation
approach, structured illumination microscopy, stochastic optical reconstruction microscopy, and
stimulated emission depletion microscopy have been used to acquire images for registration with
ExM images of the same region of interest.!*673233 These registration experiments showed that,
compared to images acquired with super-resolution microscopy, ExM images exhibited
distortions of a few percent of the measurement length around tens to hundreds of micrometers.
Such small distortions are insignificant for most biological studies that interrogates the relative
spatial relationships of, rather than the accurate distances between, biological structures and
cells. In the second validation approach, protein structural features, such as microtubule
width!*7, clathrin-coated pit radius'#, centriole length, diameter, and chirality®, nuclear pore
complex ring arrangements**, peroxisome membrane protein structures®’, and virion spherical
shapes®®, have been analyzed in different ExM protocols to validate the resolution of imaging
and the uniformity of expansion. Indeed, analysis of ExXM images of these stereotyped structures
showed structural measurements that were consistent with those from super-resolution imaging
or electron microscopy. Overall, these extensive sets of validation experiments suggest that ExM

is a reliable tool for testing biological hypotheses and making new discoveries.

From the users’ perspective, for cell and tissue types that have validated ExM protocols, if the
observed expansion factors are consistent with those reported in the literature and there are no
obvious cracks or distortions of the sample after expansion, the users should be confident with
the uniformity of expansion.® For cell and tissue types that have not been expanded before, and

that have distinct mechanical properties compared with previous ExM-tested sample types,
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validation experiments and optimization of the ExM protocol may be helpful to ensure the
uniformity of expansion. For example, the ExM protocol that worked well for mouse brain slices
in one mouse model could likely be applied to brain slices of similar brain regions and slice
thickness in a different mouse model with minimal protocol optimization, because these brain
slices are considered mechanically similar in the context of ExM.** However, different ExM
protocols are required for cultured mammalian cells and bacteria as these sample types are
considered mechanically different in the context of ExM, primarily because of the bacteria cell

wall that requires optimized softening protocols for expansion?’.

Expanded specimens can be imaged with any microscopes to improve the imaging resolution,
provided that the labels used for imaging and the hardware setup of the microscope are
compatible with ExM. In practice, fluorescence microscopes, in particular confocal fluorescence
microscopes that are accessible to many biology labs, are popular for imaging diverse types of
expanded cells and tissues. With confocal microscopes, various ExM protocols with linear
expansion factors up to ~20x, attain imaging resolution that rivals the imaging resolution of the
state-of-the-art optical super-resolution microscopy methods applied to cells and tissues. This
means that one could use ExM and a confocal microscope to perform most of the experiments
previously only possible with optical super-resolution microscopy. One exception is super-
resolution live cell imaging, which is currently not possible with ExM because of the physical
mechanisms of expansion. Optionally, one could image the expanded sample with super-

resolution microscopy to further improve the imaging resolution.

Besides improving imaging resolution, the process of sample expansion by water treatment has
the side product of optically clearing the biological specimen, enabling fast volumetric super-
resolution imaging with fast volumetric microscopes. For instance, light sheet microscopes were
used to image expanded samples such as virus-infected cells®®, Drosophila brain tissues®’,

songbird brain tissues*’, mouse kidney tissues*', mouse brain tissues***?

, and mouse spinal cord
tissues®*. Overall, combining expansion microscopy with fast 3D imaging techniques results in
imaging resolution similar to optical super-resolution microscopy methods, but with significantly

greater imaging speeds, volumes, and number of colors.
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1.4 ExM for Nanoscale Imaging of Proteins

ExM protocols for protein imaging are categorized into two kinds based on whether the proteins
are labeled before expansion (pre-expansion labeling) or after expansion (post-expansion

labeling). In pre-expansion labeling ExM protocols!#64347

, proteins are labeled before
expansion occurs. The protein labeling workflow of such pre-expansion labeling ExM protocols
are the same as conventional protein labeling procedures such as fluorescent protein labeling or
antibody staining, enabling the users to integrate ExM with their established sample labeling

protocols. In post-expansion labeling ExM protocols*>-3948-51

, proteins are physically separated
away from each other by expansion, which facilitates later labeling. Before diving into the details
of each protocol, we first discuss the pros and cons of each of these two, to help the users think

about what protocols to use for their applications.

From the users’ perspective, how to choose between pre- and post-labeling ExM formats? If the
users have established sample labeling protocols, they might choose to try pre-labeling ExM
protocols first, since these protocols are designed to work with conventionally labeled samples
such as samples that are immunostained with primary antibody and dye-conjugated secondary
antibody, or samples that contain fluorescent protein fused to the protein of interest. On the other
hand, although post-expansion labeling ExM protocols are less familiar to users in terms of how
the sample is labeled, they have several attractive features. Specifically, post-expansion labeling

protocols can decrowd proteins in dense compartments for better labeling®>>

9,50

, improve imaging
accuracy by reducing the spatial errors introduced by antibodies™”, and enable imaging of
multiple (>4) proteins via cycles of antibody staining, imaging, and removal®>>!. The first feature
of protein decrowding by expansion is particularly important, because by doing so one might

reveal otherwise invisible protein structures, as demonstrated in recent examples®>>

of revealing
new protein structures, and even entire invisible cells, in mouse brains and in human glioma
tissues, as discussed in detail in Sections 1.4.2 and 1.4.3. If the users’ application could benefit
from the above-mentioned features, the users might consider applying post-expansion labeling

ExM protocols to their samples.

Due to the distinct features offered by the two labeling formats and the varying imaging
resolutions enabled by ExM protocols with different expansion factors, we present ExM
protocols for protein imaging in three sub-sections. These are organized based on the labeling

formats and the linear expansion factor. The first two sub-sections discuss the details of pre- and
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post-expansion labeling ExM protocols that achieve approximately 4-5x linear expansion factors.
The subsequent sub-section describes recently developed ExM variants that increase the linear
expansion factor to approximately 10-20x for enhanced imaging resolution, accommodating both
pre- and post-expansion labeling formats. For each ExM protocol, we detail its mechanism,
expansion factor, and examples of sample types and protein labels that have been effectively
tested with the protocol. This organization aims to assist users in selecting an ExM protocol that

aligns with their sample type, labeling procedure, and required expansion factor.

1.4.1 Pre-expansion labeling ExM with ~4-5x linear expansion factor

In pre-expansion labeling ExM, proteins are labeled before sample expansion. During ExM
processing, the protein labels are crosslinked to the hydrogel network and expanded. The most
popular ExM-compatible protein labels include standard antibodies introduced via
immunostaining* and fluorescent proteins introduced perhaps via genetic fusion to the protein of
interest*. As discussed later in this section, a large palette of fluorescent proteins and dyes (e.g.,
those conjugated to antibodies) are compatible with ExM chemistry and retain their fluorescence
after expansion.* Standard antibodies and fluorescent proteins are most popular because many
users might already have established protocols to label their proteins of interests with antibodies
or fluorescent proteins, thus they only need to invest in cheap and commercial chemicals and use
several simple chemical steps to do ExM on their samples for nanoimaging on a conventional
microscope. In comparison to standard antibodies and fluorescent proteins, other fluorescent
labels, such as fluorescent streptavidin added to stain biotin-labeled proteins?, or custom reagents
such as DNA-conjugated antibodies'*’, have also been used in ExXM contexts, but are less
popular for day-to-day biological studies, primarily because they require custom reagents (i.e.,
biotin probes and DNA-conjugated antibodies), need development and validation for each
protein target, and are less robust compared to commercial antibodies and fluorescent proteins,

as discussed in more detail later in this section.

The expansion process will volumetrically dilute the protein labels applied before sample
expansion. As a result, the expanded sample will have decreased fluorescent signal intensities
compared to the labeled sample before expansion. It is therefore always helpful to enhance the
fluorescent signals by staining the labels after expansion, by using antibodies against fluorescent
proteins®®, or by using fluorescent DNA labels against complementary DNA conjugated to

1,7

antibodies applied before expansion’, or by using streptavidin against biotin-conjugated
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antibodies added before expansion®!®. Note that these fluorescent labels are added after sample
expansion solely for enhancing the fluorescent signals, which is conceptually different from
post-expansion labeling ExM protocols, that decrowd protein complexes to reveal “hidden”

protein structures.

Before diving into the popular forms of pre-expansion labeling ExM designed for standard
antibodies and fluorescent proteins, we would like to discuss DNA-conjugated antibodies first,
because several ExM variants have relied on DNA-conjugated antibodies to facilitate the

74547 or multiplexed imaging®’. The users need to be

expansion process'’, signal amplification
aware of two major limitations for DNA-conjugated antibodies when deciding whether to use
standard antibodies (e.g., via ExM protocols described later in this section) or DNA-conjugated
antibodies. First, and most importantly, attaching DNA to an antibody can alter its binding and
create unwanted backgrounds, and as a result, each DNA-conjugated antibody will require
extensive validation and might require optimization of staining conditions to reduce unwanted
backgrounds.*>>* Second, conjugating DNA to antibodies requires additional costs and/or end
user labor compared to standard commercial primary and secondary antibodies. Nevertheless, the
first version of ExM!, developed as a pre-expansion labeling ExM protocol, used custom DNA-
conjugated antibodies for protein labeling and expansion. Specifically, the DNA on the antibody
serves as a handle that links to the ExM hydrogel and are labeled with fluorophores and imaged
after expansion. Later reports demonstrated that the DNA labels on the antibodies can be used to
enable multiple rounds of expansion to increase expansion factors (discussed in more detail in
Section 1.4.3) 7, to improve fluorescence signals using DNA-based signal amplification

chemistries 7*%

, and to support DNA-based multiplexing chemistries for imaging six protein
targets in the same expanded mouse retina section.*’ Although these DNA-conjugated antibody-
based ExM protocols have found applications in imaging proteins in cultured cells’’, mouse

1,7 4

brain!’ and retina*’ tissues, Caenorhabditis elegans®*, and bacteria®, they are limited by the

requirement of custom DNA-conjugated antibodies and concerns about unwanted backgrounds.

To overcome the limitations with DNA-conjugated antibodies, popular forms of pre-expansion
labeling ExM for protein imaging, as discussed in detail below, have been designed and
optimized to work with standard fluorescent proteins and commercial antibodies; these ExM

protocols enable users to do nanoimaging without significant investments into custom reagents.
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The first of such methods is protein-retention expansion microscopy (proExM)* which has both
pre- and post-labeling forms. In the pre-expansion labeling form of proExM, the preserved
biological specimen, labeled with fluorescent proteins and/or antibodies, is first treated with a
commercial reagent called AcX (succinimidyl ester of 6-((acryloyl)amino)hexanoic acid). AcX
crosslinks proteins and/or their labels to the hydrogel network after hydrogel formation. Then,
the hydrogel-embedded biological specimen is softened using enzymatic digestion by proteinase
K (a nonspecific protease) to allow expansion by water treatment. Overall, proExM results in
~4.5x expansion and was initially demonstrated in ExM imaging of fluorescent protein-labeled
and/or antibody-stained mammalian cultured cells, mouse brain, pancreas, spleen, and lung

tissues, and macaque brain tissues.*

The fluorescence of most fluorescent proteins and commercial fluorescent secondary antibodies
is retained after proExM processing* (although the signal intensity is decreased due to dilution by
volumetric expansion), possibly because these fluorescent proteins and secondary antibodies are
resistant to proteinase K digestion. Some labels such as cyanine dyes and bacteriophytochrome-
based fluorescent proteins largely lose their fluorescence after gelation and proteinase K
digestion.* For cyanine dyes, users should replace them with ExM-tested labels that have similar
spectral properties (e.g., replace Cy3 with Alexa Fluor 546)* For bacteriophytochromes-based
fluorescent proteins, the users might consider using antibodies to stain such labels after
expansion to enhance the fluorescent signal intensity. In addition to fluorescent proteins and
antibodies, fluorescent streptavidin is also compatible with proExM and can be applied before
expansion, as demonstrated in the visualization of post-translational modifications such as S-

nitrosylation using a biotin probe.*

In a related and independently developed pre-expansion labeling ExM protocol®, MA-NHS
(methacrylic acid N-hydroxysuccinimide ester) or glutaraldehyde was used to equip proteins
with hydrogel anchors, followed by gelation, proteinase K digestion, and water treatment that are
similar to those steps in the pre-expansion labeling proExM protocol. MA-NHS protocol was
demonstrated in mammalian cultured cells and mouse brain tissues, while glutaraldehyde
protocol was demonstrated in mammalian cultured cells.® The MA-NHS protocol has also been
used to expand samples stained with biotin-borne secondary antibodies, with visualization by
staining with fluorescent streptavidin post-expansion, which could be useful to allow imaging

with fluorophores (e.g., cyanine dyes) incompatible with the ExM chemistry. MA-NHS is
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functionally analogous to AcX in the context of ExM; both reagents are commercial and can be

used interchangeably in expansion protocols.

ExM protocols based on proExM chemistry have been developed to work with sample types that
have different mechanical properties and formats compared to mammalian cultured cells and
mouse tissues. Below we discuss proExM-style ExM variants optimized for Gram-positive
bacteria’’>, Caenorhabditis elegans (C. elegans)**, Drosophila tissues, whole larval zebrafish,
whole mouse embryos, and human clinical tissues. In each of these sample types, the key
optimization of the ExM protocol is to find ways to soften parts of the samples that are
mechanically stiff and requires softening treatments in addition to the standard proteinase K
conditions used in the proExM protocol* for cultured mammalian cells and soft tissues. As
discussed in detail below, protocols have been optimized to digest the cell wall in bacteria and
the cuticles in C. elegans and Drosophila samples, or to decalcify the bones in whole larval
zebrafish or mouse embryos, or to break the dense protein crosslinks in human clinical tissues, to
allow isotropic expansion of these samples. In addition to providing protocols for users that are
interested in applying ExM to the sample types covered in this section, we hope these examples
will help the users make informed decisions when optimizing ExM protocols for their own

sample type.

In contrast to Gram-negative bacteria®®>®, for which the standard proteinase K-based proExM
protocol worked quite well, Gram-positive bacteria have thick cell walls composed of complex
and stiff structures such as highly crosslinked peptidoglycans that are hard to be fully digested by
proteinase K alone. To overcome this challenge, several enzymes have been used together with
proteinase K in optimized ExM protocols for the expansion of Gram-positive bacteria. For
example, lysozyme and lysostaphin (both are enzymes capable of digesting peptidoglycans) have
been used together with proteinase K in the sample softening step of the proExM workflow to
expand the Gram-positive bacteria Staphylococcus aureus (S. aureus) to ~4x, enabling nanoscale
imaging of S. aureus-infected mammalian cells on a confocal microscope.’® In another example,
mutanolysin (a peptidoglycan-digesting enzyme) was used to digest bacterial cell walls, and then
proceed to a series of standard proteinase K-based proExM steps to enable ~4x expansion of

37 Overall, by optimizing the enzymatic

both Gram-positive and Gram-negative bacteria.
digestion step for softening of the bacterial cell wall, the above-mentioned proExM-type ExM

variants enables expansion of both Gram-negative and Gram-positive bacteria.
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Similar to how expansion of Gram-positive bacteria is challenged by the thick cell wall that
enclose the bacteria, the expansion of the nematode Caenorhabditis elegans (C. elegans) is
challenged by its tough cuticle that enclose the animal and that predominantly composed of
crosslinked collagens, lipids, and other proteins and peptidoglycans. To overcome this challenge,
a set of protocols have been developed to enable expansion of fixed, intact, and cuticle-enclosed
C. elegans, with both pre-expansion labeling and post-expansion labeling formats.>* We discuss
the pre-expansion labeling ExM protocol for C. elegans (referred to as expansion of C. elegans,
or ExCel) here and describe the post-expansion labeling protocol for C. elegans (referred to as
epitope-preserving ExCel) in Section 1.4.2. ExCel starts with a reduction step to permeabilize
cuticle by breaking the disulfides between collagen fibers in the cuticle, which could facilitate
diffusion of ExM reagent into the specimen. ExCel then uses modified AcX treatment, gelation,
and proteinase K digestion steps, all aiming to ensure thorough diffusion of reagents throughout
the entire C. elegans, and complete sample softening to allow isotropic expansion of the entire
animal. Overall, ExCel enables the nanoscale visualization of fluorescent protein (e.g., GFP,
mCherry, and TagRFP)-labeled structures by staining with antibodies against fluorescent
proteins after expansion, and the animal anatomy by staining with general protein stains (V-

hydroxysuccinimide ester dyes), in the entire ~4.5x expanded and intact C. elegans.**

Like C. elegans, another kind of organism, Drosophila, also has cuticles that must be softened to
allow expansion of the cuticle-enclosed tissues. Standard proExM protocol has worked well for
Drosophila tissues that are not cuticle-enclosed, such as Drosophila embryos and dissected
Drosophila brain tissues>®%!, but failed to isotopically expand Drosophila larval and adult body-
wall specimens, which are cuticle-enclosed. For these cuticle-enclosed Drosophila tissues, a
proExM-style protocol has been developed that used Chitinase (an enzyme that digests the
polysaccharide Chitin, a major component of the Drosophila cuticle) in addition to proteinase K
to digest the cuticle and completely soften the sample for ~4x expansion, enabling the nanoscale

visualization of synaptic structures in expanded Drosophila tissues.5!

proExM-style protocols have also been developed to expand whole vertebrates including larval
zebrafish and mouse embryos. Standard proExM protocols have been shown to successfully
expand the soft vertebrate body parts, such as mouse tissue sections*, or zebrafish embryos and
dissected zebrafish brain tissues®®. However, ExXM of whole zebrafish larvae or mouse embryos
is challenged by the hard body parts such as the bones. To overcome this challenge, whole-body

ExM was developed as an proExM-style protocol to expand whole zebrafish larvae and mouse
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embryos.®> Compared to proExM, whole-body ExM used AcX treatment conditions with
surfactant in the buffer to facilitate diffusing of AcX throughout the fixed and intact larval
zebrafish or mouse embryos, modified ExM gelation conditions to ensure homogeneous gelation
throughout the entire animal, prolonged and repeated proteinase K digestion, and post-digestion
decalcification using ethylenediaminetetraacetic acid (EDTA) to remove bones, to allow ~4x
expansion, and optimized total protein stains using a mixture of several N-hydroxysuccinimide
ester dyes. Collectively, the above optimizations enabled the nanoscale visualization of
anatomical structures and fluorescent proteins throughout the entire expanded larval zebrafish or

mouse embryos.

As the last example of proExM-style protocol optimized for specific sample formats and types,
expansion pathology (ExPath) has been developed as an optimized pre-expansion labeling
proExM protocol for human clinical samples such as formalin-fixed, paraffin-embedded (FFPE),
hematoxylin and eosin (H&E)-stained tissues, and fresh-frozen thin-sliced tissues.*? Note that
such clinical tissues can also be expanded with a post-expansion labeling ExM protocol called
decrowding expansion pathology (dExPath)>, which we discuss in Section 1.4.2. ExPath starts
with a series of steps, such as adding xylene to remove paraffin and antigen retrieval in hot
citrate buffer, that convert clinical tissues to formats that are compatible with proExM. After
AcX treatment and gelation, ExPath uses an optimized proteinase K-based softening condition
that features elevated digestion temperature (60 °C, the optimal temperature for proteinase K)
and increased concentration of EDTA in the digestion buffer. These optimizations of proteinase
K digestion are necessary because formalin-fixed samples have higher extent of crosslinking
compared to, for example, paraformaldehyde-fixed mouse brain tissues, and thus require stronger
protease digestion for sample softening. For fresh-frozen tissues, the AcX treatment
concentration needed to be reduced to enable consistent expansion without tissue cracks and/or
distortions, possibly because fresh-frozen tissues have more protein sites available for AcX
binding as compared to formalin-fixed samples. Overall, ExPath has been demonstrated to work
well with clinical tissues including human skin, lung, liver, breast, prostate, pancreas, ovary,

kidney, and colon in various preservation formats.>*>
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1.4.2 Post-expansion labeling ExM with ~4-5x linear expansion factor

Post-expansion labeling ExM administers protein labels after sample expansion and has several
important features. First, expansion physically separates protein epitopes in dense protein
compartments so that antibodies can access these otherwise “hidden” protein structures for
visualization post-expansion. For instance, decrowding expansion pathology (dExPath) was
developed as a post-expansion labeling ExM protocol for human clinical specimens, which
revealed new disease marker-positive cell populations in human glioma tissues.’*> Second, post-
expansion labeling ExM improves imaging quality by increasing the labeling density and
reducing the positional errors introduced by the size of the protein labels (e.g., tens of
nanometers for primary and secondary antibody complexes), which could be essential for
imaging protein ultrastructures, as demonstrated in post-expansion labeling and imaging of
cellular ultrastructures such as centrioles, microtubules, and synapses.>*°. At last, post-
expansion labeling ExM enables multiplexed (>4) protein staining and imaging by iterative
rounds of antibody staining, imaging, and antibody destaining (e.g., by treatment with heat and
denaturant). For instance, a post-expansion labeling ExM protocol called magnified analysis of
the proteome (MAP) was used to visualize eleven endogenous protein epitopes within the same

expanded mouse brain tissue.’

Post-expansion labeling ExM protocols are categorized into two kinds based on different sample
fixation and protein anchoring chemistry. The first kind of protocols are designed to work with
regular paraformaldehyde-fixed cells and tissues, FFPE tissues, or fresh-frozen tissues by using
the same type of protein anchoring (e.g., AcX treatment) and gelation chemistry as pre-
expansion labeling proExM, with modifications to the softening chemistry by replacing
proteinase K digestion with milder treatments that preserves protein epitopes. The second kind of
protocols used a custom sample fixation protocol and protein anchoring chemistry based on
formaldehyde and acrylamide, which are designed to reduce crosslinking between proteins to
enable sample expansion with heat and denaturant while preserving protein epitopes for staining
after expansion. We first discuss two key considerations to help the users think about and choose
what kind of post-expansion labeling protocol to use and how to find and validate antibodies for
their protein targets, then we discuss the above-mentioned two kinds of post-expansion labeling

ExM protocols in detail.
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From the users’ perspective, the first key consideration is how to choose a post-expansion
labeling protocol. Practically, the choice could be made first based on the preservation format
and source of the sample. For example, if the users have limited control over how the sample is
preserved (e.g., FFPE tissues), then we recommend the users to use the first kind of post-
expansion labeling ExM protocols, because these protocols are designed to work with standard
sample formats and preservation protocols. In comparison, if the users have complete control of
how to preserve the sample (e.g., the user can perform custom mouse perfusion procedures), the
users might try either kind of post-expansion labeling ExM protocols, and the choice of protocols
will largely depends on whether there are established protocols for the users’ sample types and
whether there are ExM-validated antibodies (as discussed below) for the users’ protein of interest.
For new sample types and new protein targets that have never been tested in post-expansion
labeling ExM protocols before, it might be helpful to try different protocols to see which one

works best.

The second key consideration is how to choose and validate antibodies used for post-expansion
labeling, because the protein epitopes are now in different states (i.e., preserved in expanded
hydrogel) than in the unexpanded specimen. For protein targets that have validated antibodies
used in reported post-expansion labeling protocols discussed in the rest of this section, we
recommend the users to try the same antibodies and post-expansion labeling protocols. For new
protein targets, we recommend the users to validate the antibodies first by checking whether the
antibodies give expected staining patterns and compare the post-expansion staining outcomes to
images of unexpanded samples stained with the same antibodies. The users should pay attention
to cases where the post-expansion labeling revealed additional structures besides those stained
before expansion, as these new structures might be “hidden” in crowded and dense protein
compartments, as discussed in two examples in later parts of this section about revealing new
structures in mouse brains’ and human glioma tissues®? via post-expansion labeling. Of course,
the quality of antibodies might vary from different sources, so for post-expansion labeling
experiments of new protein targets or new sample types, it might be helpful to try antibodies

from several commercial vendors to find the best one for the users’ experiments.

As an example of the first kind of post-expansion labeling ExM protocols that works for standard
specimen preservation formats, post-expansion labeling variant of proExM was developed to
expand paraformaldehyde-fixed mouse brain tissues to ~4-fold for post-expansion staining with

commercial antibodies. This protocol used AcX anchoring and gelation conditions similar to pre-
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expansion labeling proExM, but replaced proteinase K digestion with heat and denaturant
treatment which preserves protein epitopes.* A related protocol called miriEx* uses a chemical
named acrylic acid N-hydroxysuccinimide ester that performs similar chemistry as AcX to
anchor proteins to the hydrogel, followed by similar heat and denaturant treatments to expand
mouse brain tissues for antibody staining post-expansion. Besides heat and denaturant, mild and
site-specific proteases such as LysC, which specifically cuts proteins at lysine sites, have also
been used for sample softening to enable post-expansion antibody staining of the AcX-anchored
protein fragments generated from LysC digestion.* While both of the LysC-based and the heat
and denaturant-based post-expansion labeling proExM protocols have been used to visualize
fluorescent proteins, cellular markers, and synaptic proteins in expanded mouse brain tissues**,
the initial report* notes variability and inhomogeneity in terms of the expansion and antibody
staining outcomes of different antibody and tissue identities, suggesting that further
investigations are required to optimize the protocol for consistent antibody staining outcomes as
well as validate the expansion isotropy at the nanoscale (e.g., by comparing images of the same

region acquired pre- versus post-expansion).

Protocols based on post-expansion labeling proExM have been developed to work with sample
types that have different mechanical properties than mouse tissues through optimizing the sample
softening conditions. For example, decrowding expansion pathology (dExPath) has been
developed to work with human clinical tissues.’> dExPath uses strong denaturation conditions
featuring high concentration of denaturant, autoclaving, reducing agent, and EDTA, all designed
to disrupt the extensive inter- and intra-protein interactions in formalin-fixed human clinical
tissues. As a result of such strong softening conditions, dExPath showed homogeneous ~4x
expansion of clinical tissues, with nanoscale distortions of ~3-4% error over the measurement
length of ~10 pm>? in expanded clinical tissues, which is consistent with previous proteinase K-

1,4,32

based ExM protocols applied to mouse tissues. dExPath has been applied to revealing new

disease marker-positive cell populations in human glioma tissues.>?

In another example of post-expansion labeling proExM-style protocol optimized for specific
sample types, epitope-preserving expansion of C. elegans (epitope-preserving ExCel) has been
developed to work with intact C. elegans that are enclosed by mechanically stiff and antibody-
impermeable cuticles.>* Epitope-preserving ExCel uses a heat denaturation treatment identified
from screening a panel of softening conditions to optimize both linear expansion factor and

epitope-preservation. The final epitope-preserving ExCel achieved antibody-staining of
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endogenous protein epitopes in ~2.8x linearly expanded C. elegans with nanoscale distortions of
~8-25% error over the length of ~100um. While further investigations might be needed to
improve the expansion factor and isotropy, the current form of epitope-preserving ExCel has
been applied to visualizing previously unreported localization of a protein at the cell junctions
between developing cells, and resolving peri-active and active zone proteins in chemical pre-

synapses.>*

As an example of the second kind of post-expansion labeling ExM protocol, magnified analysis
of the proteome (MAP) used acrylamide (a monomer used in ExM hydrogels) and formaldehyde
(a chemical fixative) during sample fixation to equip proteins with hydrogel anchors and reduce
formaldehyde-based crosslinking between proteins, thus enabling ~4x linear expansion of mouse
tissues.” MAP showed a nanoscale distortion of ~2% error over the measurement length of
~15um for MAP processed cultured cells, and a microscale distortion of ~2% error over the
measurement length of ~2mm for MAP processed mouse brain tissues. MAP was demonstrated
to expand entire mouse organs including heart, lung, spinal cord, liver, kidney, intestine, and
brain, as well as cerebral organoids. Furthermore, the authors showed that more than 80% of
>100 antibodies tested successfully stained many protein targets, such as microtubules,
neurofilaments, nuclear and membrane markers, and a diversity of neurotransmitters,

neuromodulators, and synaptic proteins, in MAP-processed cells and tissues.

Based on the MAP-style EXM chemistry, ultrastructure expansion microscopy (U-ExM) has been
developed to visualize ultrastructures in cultured cells and purified protein complexes.®
Compared to MAP, U-ExM avoids chemical fixation and uses reduced concentration of
acrylamide and formaldehyde in the protein anchoring step, which the authors found to be
important for preserving the ultrastructure of centrioles. With such optimizations, U-ExM
enabled the visualization of ultrastructural details such as the chirality of centriole protein
arrangements. However, the authors noted that the lack of chemical fixation led to loss of some
cellular components when applying U-ExM to cultured cells.®®> To overcome this limitation, U-
ExM has been optimized and combined with cryofixation, in a method termed cryo-ExM, to
enable preservation and visualization of a range of cellular structures, such as microtubule, actin,
endoplasmic reticulum, mitochondria, lysosome, and autophagosome.®* Taken together, U-ExM
and cryo-ExM demonstrated developments and optimizations of ExM methods for ultrastructure

preservation and visualization in cultured cells and isolated protein complexes, and points to the
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next step of combining tissue cryofixation (e.g., using high-pressure freezing) with ExM to

enable ultrastructure visualization in expanded tissues.

Recently, epitope-preserving magnified analysis of the proteome (eMAP) has been developed as
a post-expansion labeling ExM protocol that does not use chemicals to anchor proteins to the
hydrogel. The authors proposed that the protein epitopes were preserved and expanded via the
physical entanglement between proteins and the hydrogel polymer chains. With eMAP, the
authors showed 49 out of 51 and 46 out of 49 synaptic antibodies tested successfully stained their
targets in expanded mouse and marmoset brain tissues, respectively. The nanoscale uniformity of
expansion in eMAP has yet to be validated by comparing images acquired with super-resolution
microcopy before expansion versus images of the same biological structure after eMAP
expansion; it is thus an open question of whether the protein ultrastructures and nanoscale

expansion isotropy are preserved in eMAP.

1.4.3 Increasing the linear expansion factor beyond ~4-5x for high-resolution

protein imaging

As previously discussed, the imaging resolution of ExM increases when expansion factor gets
higher but is fundamentally limited by the error of the hydrogel synthesis process which in
principle could be as small as a few nanometers®’. In practice, multiple approaches’-%!14.30:35:48,51.54
have been developed to increase the linear expansion factor to ~10-20x to improve the imaging
resolution down to ~20nm. Unlike proExM* which has been applied to diverse sample types,
these high-expansion-factor ExM protocols are relatively new and has not been extensively
tested in diverse sample types. Therefore, in addition to describing how these high-expansion-
factor ExM protocols work, and the sample types tested with these protocols, we emphasize the
limitations and remaining challenges of these methods, which we hope could help the users make
informed decisions regarding what protocol to use now and point to future optimizations

required to make these protocols more robust.

Based on how many times the sample needs to be expanded to reach expansion factor higher
than ~4-5x, we categorize the high-expansion-factor ExM protocols into two kinds. The first
kind of protocols optimize the hydrogel recipe and composition to achieve up to ~10x expansion
in a single round of expansion'**%3!. The benefit of the first kind of protocol is that it has a

similar ExM gelation workflow as previous ~4-5x ExM methods (discussed in Sections 1.4.1 and
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1.4.2), which is practically simpler than the second kind of protocols which expands the sample
twice in succession. The second kind of protocol, although needs multiple gelation steps to

7,9,35,48,51,54’ which is

expand the sample twice, can reach overall expansion factor of ~10-20x
higher than the expansion factor of the first kind of protocol and therefore provides improved
imaging resolution. Because we have covered the features of pre- and post-expansion labeling
protocols in previous Sections 1.4.1 and 1.4.2, here in this section, we focus on discussing the
expansion factors, but we will mention whether each protocol is pre- or post-expansion labeling
format, so that the users have an idea of what features the protocol could bring. Below we first
discuss the one-round higher-expansion-factor protocols, and then dive into protocols that

expand the sample twice.

Four ExM variants, TREx, ZOOM, X10, and MAGNIFY, have been reported to achieve ~8-11x
expansion in a single round either through optimizing polyacrylamide/polyacrylate hydrogel
composition (TREx and ZOOM) '*3! or using alternative hydrogel monomers(X10 and
MAGNIFY)**%, Both TREx and X10 followed the pre-expansion labeling format similar to
those ExM protocols discussed in Section 1.4.1 and used proteinase K for sample softening;
ZOOM and MAGNIFY followed the post-expansion labeling format similar to those ExM
protocols discussed in Section 1.4.2 and used heat and denaturant for sample softening. We
describe each of these methods in detail below. We note that unlike the widely used proExM
protocol developed in 2016 (as discussed in Section 1.4.1), these new one-shot ~8-11x expansion
protocols are relatively new and thus could benefit from validation in more biological samples

and systems before robust deployment to wider biological contexts.

In TREX, a hydrogel recipe, using the same hydrogel crosslinkers and monomers as proExM*,
has been systematically optimized to enable ~10x linear expansion of cultured human cells and
mouse brain tissues, primarily via decreasing the hydrogel crosslinker concentration. TREx has
been shown to be compatible with antibody-stained samples and commercial small molecule
total protein stains and membrane labels. The TREx authors note that the exact crosslinker
concentrations that produce ~10x expansion varied between different labs, so the authors
recommend that a range of crosslinker concentrations should be tested when using TREx for

~10x expansion with the end user’s choice of specimen and experimental setups.

In ZOOM, alkaline buffers and heat have been used to convert polyacrylamide hydrogels to

charged and expandable polyacrylate hydrogels to enable up to ~8x linear expansion, in a fashion

29



similar to a protocol called high pH iterative ExM (hp-iExM, reported together with the iExM
protocol’ as discussed later in this section) that showed ~16x expansion of immunostained
cultured mammalian cells. The ZOOM authors showed expansion of multiple types of biological
specimens at different expansion factors, such as cultured human cells (6.3x expansion), mouse
brain tissues (up to 8x expansion), human clinical brain tissues (3.7x expansion), and
Caenorhabditis elegans (3.1x expansion), suggesting that further optimizations might be

required for ZOOM to achieve consistent ~8x expansion for diverse sample types.

In X10, a hydrogel based on N, N’-dimethylacrylamide (DMAA) monomer®® and sodium
acrylate (same charged monomer as in the proExM hydrogel) was used to increase the expansion
factor, enabling ~10x linear expansion of cultured mammalian cells and mouse brain tissues.'*
The X10 authors reported that the high expansion factor of X10 requires stronger proteinase K
digestion than regular ~4.5x expansion protocols, which causes significant loss of the
fluorescence of fluorescent proteins and requires immunostaining against fluorescent proteins to
amplify signals for visualization.’*®” Moreover, the X10 authors noted that because DMAA
hydrogel formation is very sensitive to oxygen, the users are recommended to carefully purging
oxygen from X10 gelation solutions to ensure successful gelation and ~10x expansion, which is

laborious.®’

In MAGNIFY, a hydrogel recipe involving DMAA and the same hydrogel monomers and
crosslinkers used in proExM was developed to enable up to ~l11x expansion of cultured
mammalian cells, mouse brain tissues, human lung organoids, and human FFPE tissues. Unlike
other EXM protocols that performs an anchoring step (e.g., AcX treatment to anchor proteins in
proExM, as discussed in Section 1.4.1) before forming the expansion hydrogel, MAGNIFY used
a chemical called methacrolein mixed in the gelation solution to perform the biomolecule
anchoring and the hydrogel formation in a single step, enabling anchoring of multiple kinds of
biomolecules including proteins, nucleic acids, and lipids in the MAGNIFY-expanded samples.
MAGNIFY has been demonstrated to visualize nanoscale structures including synaptic proteins
in mouse brain tissues, podocyte foot processes in human kidney tissues, and structural changes

of cilia and basal bodies in human lung organoids treated with drugs.

The expanded samples have been expanded again in a process called iterative expansion
microscopy, or iExM’. iExM is a pre-expansion labeling ExM method that uses DNA-linked

antibodies to label protein structures, and a DNA hybridization-based scheme to preserve and
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transfer the spatial information of biomolecules between rounds of hydrogel expansion.
Specifically, the DNA-conjugated antibody-labeled sample is expanded with proteinase K-based
softening with the first expansion hydrogel, then re-embedded in a neutral gel to keep the sample
expanded during following treatments. The first expansion gel and the re-embedding gel used
hydrogel crosslinkers that can be cleaved, so that these gels won’t inhibit the second round of
expansion. Because the first gel will be cleaved and discarded, iExM requires DNA labels
complementary to those from the DNA-conjugated antibodies to preserve and transfer the spatial
information of biomolecules from the first expansion hydrogel to the second expansion hydrogel.
Then, after cleaving the first expansion gel and the re-embedding gel, the second gel can be
expanded, resulting in overall ~4.5 x 4.5 = ~20x linear expansion and thus could in theory attain
~300/20 = ~15 nm resolution with a conventional diffraction-limited microscope. In practice,
~25-nm-resolution imaging of synaptic proteins and dendritic spine structures have been
demonstrated in ~20x expanded cultured neurons and mouse brain tissues.” The imaging
resolution of iExM is slightly larger than ~15 nm, primarily owing to the spatial errors from the
hydrogel synthesis and expansion processes.” Similar to iExM, iExCel**, a ~20x ExM protocol
for imaging C. elegans, uses DNA-linked green fluorescent protein (GFP) antibodies to visualize
GFP-labeled neurons in ~20x expanded intact C. elegans at ~25-nm resolution. In another iIExM-

135

style protocol”>, virion envelope proteins in intact viruses were labeled with DNA and expanded

in two rounds to ~10x, enabling the visualization of the shape of individual virions.

Although iExM and its variants have enabled high resolution imaging of protein nanostructures

735 mouse brain tissues’, C. elegans®*, and viruses®, the requirement of custom

in cultured cells
DNA reagents limits the deployment of iExM in day-to-day biological studies that uses
commercial dyes and off-the-shelf antibodies. To address this limitation, three post-expansion
labeling iterative expansion methods, pan-ExM (~13-24x expansion), expansion revealing (ExR,
~20x expansion), and eMAP (~10x expansion) have been reported that work with commercial
protein staining reagents in expanded cells (pan-ExM), mouse brain tissues (pan-ExM, ExR, and
eMAP), and marmoset brain tissues (¢eMAP), as discussed in detail below. Note that all three of
these iterative expansion methods used the post-expansion labeling ExM format (as discussed in
Section 1.4.2) and relied on heat and denaturant treatments for sample softening, followed by

labeling proteins with antibodies or small molecule total protein stains after sample expansion.

In pan-ExM, cultured cells were expanded to ~13-21x, followed by labeling of proteins with

small molecule dyes and/or antibodies, enabling the visualization of cellular ultrastructures such
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as mitochondrial cristae and centrosomes.*® Similar to the gelation steps in iExM described
above, pan-ExM used a similar sequences of first gel expansion, re-embedding into a neutral gel
to keep the first gel expanded, and then cast a second expansion gel, followed by cleavage of the
first expansion gel and re-embedding gel, to enable overall ~13-21x expansion of the cells.
Importantly, pan-ExM added an additional anchoring step after first expansion, so that the
proteins could be anchored and retained in the second expansion. pan-ExM has recently been

68

optimized to work with mouse brain tissues, in a protocol called pan-ExM-t>*, which enables

imaging brain ultrastructures, such as synapses, in ~24x expanded mouse brain tissues.

In ExR, mouse brain tissues are expanded twice in succession, resulting in overall ~20x
expansion. Different from the iExM and pan-ExM gelation protocols which require cleaving the
first expansion gel and the re-embedding gel, ExR does not require gel cleavage and thus retains
the first expansion gel as well as the anchored proteins for expansion by the second expansion
gel. ExR was used to systematically compare synaptic proteins labeled with antibodies applied
before versus after expansion, demonstrating that protein decrowding via expansion and post-
expansion antibody staining could reveal otherwise invisible protein structures in the mouse
brain tissues. ExR was further demonstrated to reveal details of mouse brain structures such as
the nanocolumns formed by the aligned pre- and post-synaptic protein machineries, and new

amyloid-containing nanoclusters.’

In eMAP, mouse and marmoset brain tissues were expanded in four rounds of expansion to ~10x
for nanoscale imaging of synaptic protein structures.’! Similar to ~4x eMAP protocol discussed
in Section 1.4.2, the current ~10x eMAP protocol also lacks validation of the nanoscale
uniformity of expansion, which raises the question about whether nanoscale ultrastructures are
expanded isotopically. Compared to the case of ~4x eMAP, it is even more important for ~10x
eMAP to validate such nanoscale isotropy, because with a higher expansion factor (i.e., ~10x
compared to ~4x) comes with the expectation of higher imaging resolution and thus require more
careful validation and testing to ensure that uniform expansion is achieved at such a high

imaging resolution.
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1.5 ExM for Nanoscale Imaging of RNAs

The most popular forms of ExM for RNA imaging follow the post-expansion labeling
format: endogenous RNAs are anchored to the ExM hydrogel first, then the sample is softened
via proteinase K digestion, enabling post-expansion labeling and imaging of hydrogel-anchored
RNAs. Importantly, expansion clears the space around RNAs and makes them more accessible,
which facilitates labeling, multiplexing, and amplification chemistries for RNA imaging, as

discussed later in this section,'®-19-20:69

RNAs are anchored to the hydrogel using either one of three reagents (LabelX'¢, MelphaX?’, or
GMA?") in different ExXM protocols described in this section. All three reagents and their
associated protocols have been demonstrated in multiplexed RNA imaging experiments in
expanded tissues: LabelX and GMA has been used in mouse brain tissues and human cancer
tissues, while MelphaX has been used in mouse brain tissues.!®!?2%% These three reagents
perform similar RNA anchoring chemistries and could likely be used interchangeably in the
context of ExM for RNA imaging. The major difference between these three reagents, in the
context of RNA anchoring for ExM imaging, is that LabelX and MelphaX need to be synthesized
in-house using commercial building blocks and cost tens of dollars (MelphaX) or thousands of
dollars (LabelX) per milligram, while GMA is a single commercial reagent that only cost less
than a cent per milligram. Considering the simplicity and the vastly reduced cost of GMA
compared to MelphaX and LabelX, we recommend the users to use GMA to anchor RNAs for

ExM experiments.

We note that it is possible to do nanoimaging of RNAs via pre-expansion labeling: RNAs are
labeled first, then the RNA labels are anchored to the ExM hydrogel, followed by sample
softening via proteinase K digestion, enabling sample expansion and imaging of the physically
separated RNA labels.!”!® But such pre-expansion labeling protocols do not have the feature of
clearing spaces around RNAs for better labeling, requires custom RNA probes bearing hydrogel
anchors, and do not retain endogenous RNAs to support imaging more than four RNAs via
rounds of probe administration, imaging, and removal. Considering the above limitations of pre-
expansion labeling ExM for RNA imaging, below we focus on describing RNA imaging

methods that follow the post-expansion labeling format.

The first EXM method developed for nanoscale RNA imaging is called EXFISH!® (see examples
in Figure 2a-2f), which uses fluorescence in situ hybridization (FISH) probes to label RNAs
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anchored to the ExM hydrogel. In ExXFISH, RNAs are anchored to the ExM hydrogel network
using a reagent called LabelX, which is a reagent synthesized from two commercial building
blocks: AcX, which labels amines with a hydrogel anchor (as discussed in Section 1.4.1), and
Label-IT amine, which labels RNAs with an amine. LabelX equips the guanine bases in RNAs
with hydrogel anchors, and crosslinks RNAs to the hydrogel network after polymerization. After
proteinase K digestion and expansion, the hydrogel-linked RNAs are labeled with FISH probes
and imaged.'® In EXFISH, the expansion process physically separates RNAs and clears the space
around them, which supports multiplexed RNA imaging via rounds of single-molecule FISH in
expanded cultured cells and signal amplification chemistries such as hybridization chain reaction
(an enzyme-free DNA amplification chemistry).'® ExFISH has been used to determine

subcellular localizations!®7%7!

, expression levels!®, and structures(16) of RNAs, which enables
the mapping of RNAs in nanoscale mouse brain structures such as synapses’' and dendritic

spines!®.

Following the ExXFISH concept and workflow, several protocols have been developed for
multiplexed RNA mapping with nanoscale spatial resolution, by applying various multiplexed

RNA imaging chemistries to expanded samples, as described below.

In expansion sequencing, or ExSeq', LabelX-anchored and physically separated RNAs are
mapped with in-situ sequencing chemistries. ExSeq has been demonstrated in mapping RNA
transcripts in nanoscale compartments such as dendritic spines and branches in mouse brain
tissues and determining cell types and states in the mouse visual cortex tissue as well as human
breast cancer tissues (see examples in Figure 2g-2j). ExSeq has also been used with unified
ExM (uniExM, an ExM protocol that used GMA to anchor biomolecules) to map GMA-
anchored and physically separated RNAs. UniExM-supported ExSeq has been demonstrated in

mapping a set of genes in expanded patient-derived xenografts.!?

In expansion-assisted iterative fluorescence in situ hybridization, or EASI-FISH?’, MelphaX-
anchored and physically separated RNAs are labeled with FISH probes followed by
hybridization chain reaction (HCR)-based signal amplification. MelphaX is a reagent
synthesized using AcX and an RNA-labeling reagent Melphalan and performs similar RNA
anchoring chemistry as LabelX. Compared to LabelX, MelphaX has been shown to produced
enhanced FISH signals in expanded cultured mammalian cells. EASI-FISH has been
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demonstrated in mapping cell types and spatial organizations in a specific brain region, the

lateral hypothalamic area, in expanded mouse brain tissues.

Besides the above-mentioned in-situ sequencing chemistries used in ExSeq, or iterative FISH
chemistries used in EASI-FISH, multiplexed error robust fluorescent in situ hybridization, or
MERFISH, has also been applied to expanded samples. Different from the protocols described
above that anchor RNAs using small molecule reagents (i.e., LabelX, MelphaX, or GMA), in
ExM-supported MERFISH®, mRNAs are anchored to the ExM hydrogel using poly(dT) probes
bearing hydrogel anchors and hybridized to the poly(A) tail of mRNAs. Because expansion
physically separates RNAs and clears the space around them, ExM-supported MERFISH
achieved ~100% detection efficiency for a ~130 RNA library, and more than 10-fold
improvement in RNA detection density compared to previous MERFISH protocols without
expansion.®” ExM-supported MERFISH has been demonstrated in mapping mRNAs in
subcellular compartments, the profiling of gene expression at stages of cell cycles, and the

transcriptomic level mapping of ~10,000 genes in expanded cultured mammalian cells.”
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Figure 2 ExM-supported RNA imaging

(a-c) EXFISH quantification of RNAs in cultured cells. (a) Single-molecule fluorescent in situ
hybridization (smFISH) imaging of ACTB before expansion of a cultured HeLa cell. Inset zooms
in on the boxed region that highlights transcription sites in the nucleus. (b) smFISH imaging of
ACTB after expansion of the same HeLa cell in (a). (¢) smFISH counts of genes before vs. after
expansion (n = 59 cells; each symbol represents one cell). Scale bars in pre-expansion units that
are calculated as the physical sizes of the scale bars of the image divided by the expansion factor:
(a, b) 10 pum, inset 2 um. Expansion factor: ~3X. (d-f) ExXFISH visualization of transcripts in
dendritic spines and processes in mouse hippocampal tissues. (d) Confocal image of
expanded Thyl-YFP mouse hippocampal tissues showing DIg4 transcripts (magenta, imaged
with EXFISH followed by hybridization chain reaction) and YFP (Thy1-YFP). (e) Dendrites with
Dlg4 localized to spines (white arrows). (f) Camk2a transcripts (magenta, imaged with HCR-
ExFISH) localized to dendritic spines and processes. Scale bars in pre-expansion units: (d) 10
um; (e, f) 2 pm. Expansion factor: ~3X. Panels (a-f) adapted from ref. '¢ (g, h) ExSeq of 42
genes to map neuronal cell types in Thyl-YFP mouse primary visual cortex tissue. (g)
ExSeq gene expression profiles of 1,154 cells clustered into 15 cell types. (h) Spatial
organizations of cell types identified in G, showing cells in the same color as in G, and YFP
signals in white. Scale bar in pre-expansion units: 100 pum. Expansion factor: ~4X. (i, j) ExSeq
of 297 genes to map cell types and states in metastatic breast cancer tissues. (i) Uniform
manifold approximation and projection (UMAP) representation of principal components analysis
(PCA)-based expression clustering reveals cell types and states indicated by different colors:
green (T cells and B cells), red (tumor cells), blue (macrophages), magenta (fibroblasts), and
gray (unannotated clusters) (j) Spatial organization of transcriptionally defined cell types
identified and colored as in (i). Scale bars in pre-expansion units: (j) 100 um, inset 10 pum.
Expansion factor: 4x. Panels (g-j) adapted from ref. '

1.6 Applications of ExM

For cell biology applications (see examples in Figure 3), ExM has been used to explore the
localization of proteins throughout organelles and cell biological protein assemblies, and how

these organizations are altered by perturbations such as gene deletion or alterations in cell health,
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culture’, isolated fly and mouse spermatocytes®’!2) isolated mouse oocytes’ and blood

116

platelets''®, primary human immune cells''®, ciliates®®, malaria parasites®®, and green algae®,

various tissue types such as human kidney'!”"!'®, mouse and rat brain?"!** and kidney'!”-!20-124

Drosophila larva® and ovary®>, zebrafish embryonic brain''?, plant ovule and seed'?>!?¢, and

3D cell cultures such as tumor spheroids and organoids'?’.
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Figure 3 Applications of ExM in cell biology
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(a, b) iExM imaging of microtubules. (a) Confocal image of iExM-processed cultured BS-C-1
cells with immunostained microtubules. The inset zooms in on the upper left white box. (b)
Transverse profile of microtubules in the boxed region (dotted lines) of the inset in (a) after
averaging down the long axis of the box and then normalizing to the peak value (blue dots), with
superimposed fit with a sum of two Gaussians (red lines). Expansion factor: ~20X. Panels (a, b)
adapted from ref. 7. (c) Dual-color proExM imaging of clathrin and keratin. Confocal image
of proExM-processed HelLa cells expressing fluorescent protein-fused clathrin (mEmerald,
green) and keratin (mRuby2, red). Scale bar in pre-expansion units: 1 um. Expansion factor:
~4x. Adapted from ref. * (d, e) Three-color ExM imaging of ER and mitochondria. (d)
Confocal image of ExM-processed BS-C-1 cells expressing ER tagBSec61-GFP (green) and
mitochondrial inner membrane tag mito-DsRed (blue); mitochondrial outer membrane was
immunolabeled with antibodies against mitochondrial outer membrane protein TOM20 (red).
Scale bar in pre-expansion units: 500 nm. (e) Cross-sectional fluorescence intensity profile of the
yellow boxed region in (d). arb.: arbitrary units. Expansion factor: ~4X. Panels (d, e) adapted
from ref. ¢ (f) pan-ExM imaging of cellular ultrastructures. Confocal image of a region of a
pan-ExM expanded HeLa cell stained with a succinimidyl ester dye, revealing cellular
ultrastructures such as mitochondrial cristae (yellow arrows) and Golgi cisternae (green arrows).
Scale bar in pre-expansion units : 2 pm. Expansion factor: ~14X. Adapted from ref. *® (g) U-
ExM imaging of centriole. Top: deconvoluted confocal image of an isolated centriole expanded
with U-ExM. Bottom: zoomed-in view of the boxed region in the top image. Scale bar in post-
expansion units: 1 um. Expansion factor: ~4X. Adapted from ref. 8.

In virolo see examples in Figure 4), ExXM has been used to analyze how viruses such as
5
herpes simplex virus 135’128’129 hepatitis C ViI'U.SBO influenza Vil'U.S38 and rabies ViI’l,lSl31 alter
2 3 b 3

128131 organelles'?®, members of signaling

host cell structures, such as the cytoskeleton
cascades'?®, and chromatin'* during virus infection, and even to visualize the shapes of viruses
themselves, and how the spatial distribution of viral proteins inside host cells changes in

response to pharmacological perturbations'?°.
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Figure 4 Applications of ExM in virology

(a) ExM imaging of herpesvirus-infected cells. Confocal images of unexpanded (top row) and
expanded (bottom row) nuclei of non-infected and infected cultured Vero cells at 4, 8, 12, and 16
hours post infection (hpi). Chromatin was stained with a mixture of histone antibodies
(H3K27ac, H3K9me3, H4K20me3; cyan); viruses were stained with an antibody against the viral
capsid protein VP5 (magenta). Scale bars in pre-expansion units: 5 um. Expansion factor:
~4x.Adapted from ref. '?° (b-d) ExM imaging of virions. (b) Herpes simplex virus 1 (HSV-1)
virions imaged with tetragel (TG)-based iterative expansion microscopy. A representative image
was shown. (c¢) Single-particle average image of TG-expanded HSV-1 virions (n = 396 virions).
(d) Single-particle average image of TG-expanded HIV virions (n = 61 virions). Scale bars in
pre-expansion units: (b) 1 um; (¢, d) 100 nm. Expansion factor: ~10X. Panels (b-d) adapted
from ref, ¥

40



In microbiology (see examples in Figure 5), ExM has been used to visualize the cytoskeleton'3

136,140 57,58,133,141-144 132,133
2

of microbes such as Toxoplasma
136-138,140 37,46,56,57,141
b b

139 organelles , and protein complexes

Chlamydia®**®, Giardia"*'3, Trypanosoma Escherichia coli
Staphylococcus aureus®, Plasmodium'®, and several other fungal'*>!'%3, Gram-negative and
Gram-positive bacterial?>37-3-14 species, and how some of these microbial structures change at
different developmental stages of the microbes®®, and in response to gene deletions'*® and
antibiotic treatments®’. ExM has also shown promise for analyzing spatial relationships within

microbial communities’”, and between microbe and host cell structures?>>>-8.
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Figure 5 Applications of ExM in microbiology
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(a, b) ExM imaging of a bacteria mixture. (a) Pre-expansion (left) and post-expansion (right)
images of mCherry-tagged Lactobacillus plantarum (magenta) and GFP-tagged Acetobacter
tropicalis (green). Scale bars in pre-expansion units: 5 pm. Expansion factor: ~1.1 X for
Lactobacillus plantarum; ~3.1X for Acetobacter tropicalis. (b) Red solid and orange dotted lines
correspond to the cross-sectional normalized fluorescence intensity profiles in the red and orange
boxes in (a), respectively. Panels (a, b) adapted from ref. 37 (¢) ExM imaging of Chlamydia-
infected cells. Confocal image of expanded infected HeLa229 cells with immunolabeled
mitochondrial marker protein Prx3 (magenta), and Chlamydia labeled with a membrane probe
(green). Inset shows the zoomed-in view of the region in the upper right white box. Scale bars in
pre-expansion units: 10 um, inset, 2 um. Expansion factor: ~10X. Adapted from ref. 2 (d-g)
ExM imaging of the cytoskeleton structures of Giardia. (d) Maximum intensity projection of
structured illumination microscopy images of expanded Giardia with cytoskeletons
immunolabeled with an antibody against acetylated tubulin. Positions of Z sections are color-
coded according to the color scale bar. (e) Zoomed-in view of the yellow box in (d) showing
immunolabeled (1) acetylated tubulin and (2) protein DAP86676. (f) Cross sectional projection
of the region highlighted by yellow boxes in (e). (g) Intensity profiles (dots) and Gaussian fits
(lines) of the boxed region in (f). arb.: arbitrary units. Scale bars in pre-expansion units: (d) 1 um;
(e, ) 200 nm. Expansion factor: ~3.5X. Panels (e-g) adapted from ref. 134,

In neurobiology, ExM has been applied to visualize synapses and synaptic proteins such as pre-

and post-synaptic scaffolding proteins!:’-%:4%.71.145-151
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, excitatory and inhibitory neurotransmitter
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, and others® ,
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molecules’, adhesion proteins'>®, synaptic vesicle proteins

1,4,7,54,156,157

to delineate the morphology of cells such as neurons , microglia , astrocytes'’,

nanoscale brain structures such as dendritic spines*’, mossy fiber boutons', dense neuropils®,

162—-164

and organelles'®, blood-brain barriers'®', and others , as well as pathological protein

aggregates such as B-amyloids’ and o-synuclein inclusions'®>, and to analyze cell-cell
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interactions and connectivity such as those between neurons , epithelial cells and

170171 " microglia and the vasculature'®®, and others'’?, in diverse sample types such as
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and disease model organisms, and human clinical specimens!®!:16>,
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Figure 6 Applications of ExM in neurobiology

(a, b) iExM imaging of synapses in cultured neurons. (a) Epifluorescence image of a synapse
in iExM-processed cultured mouse hippocampal neurons immunostained against Homerl
(magenta), glutamate receptor 1 (GluR1, blue), and Bassoon (green). The boxed region is
analyzed in (b). (b) Transverse profile of the boxed region in (a) after normalizing to the peak
(Homer1 in magenta, GIuR1 in blue, Bassoon in green). Expansion factor: ~13X. Panels (a, b)
adapted from ref. 7 (¢) ExM imaging of messenger and ribosomal RNAs in presynaptic
compartments in mouse brain tissues. The inhibitory presynapse was labeled with antibodies
against VGAT (left column, magenta); the 18s rRNA and poly(A) RNA were labeled with
fluorescent in situ hybridization (FISH) probes (middle column, green). Right column shows the
merge of the images in the left and middle columns. Outlines indicate vGAT-positive pre-
synaptic compartments. Scale bar in pre-expansion units: 1.5 pm. Expansion factor:
~3.4x.Adapted from ref. /! (d) Lattice light sheet microscopy imaging of synaptic markers
and nanoscale neuronal structures in ExM-processed large 3D mouse brain tissue volumes.
xy Maximum intensity projection (MIP) of the 3D volume from the primary somatosensory
cortex of Thyl-YFP mouse with immunostained Bassoon (cyan) and Homerl (magenta). Insets
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zoom in on the bottom right boxed region. Top inset shows Bassoon/Homer1 pairs (three pairs
are marked with white arrows) together with YFP-marked neuronal structures. Bottom inset
shows only the Bassoon/Homerl pairs. Expansion factor: ~3.4X. Adapted from ref. *° (e)
proExM imaging of Brainbow-labeled mouse brain tissues. Left, xy MIP of a confocal
microscopy volume of proExM-expanded mouse hippocampus expressing virally delivered
Brainbow epitopes that were immunostained with antibodies. Pre- and post-expansion images of
the boxed region in the image on the left are showing in the top right and bottom right images,
respectively. Arrows highlight same brain structures before and after expansion. Scale bars in
pre-expansion units: left, 50 pum; right, 5 um. Expansion factor: ~4X. Adapted from ref. * (f, g)
ExR imaging of periodic nanoclusters of AP42 peptide in brain tissues of Alzheimer’s
mouse models. xy MIP image of an ExR-processed region in the fornix of a 5XFAD mouse with
immunolabeled AB42 peptide. (g) Zoomed-in views of the boxed regions in (f), showing periodic
AP42 nanoclusters. Scale bars in pre-expansion units: (f), 10 um; (g), 1 um. Expansion factor:
~20x. Adapted from ref. °
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Chapter 2 Cleavable Fixative for Improved Ultrastructure

Preservation in ExM

2.1 Introduction

Proteins are foundational for almost all biological processes. Optical fluorescence microscopy,
which has been used most to investigate the molecular basis of life processes, has led to many
biological insights due to the molecular contrast it provides. However, proteins are very small,
averaging less than ten nanometers'”?, and are densely packed within cells, with an average
protein-protein distance around only three nanometers'’. The size and density make
investigating the structure-function relationship and understanding the molecular mechanism of
human diseases very challenging using a conventional diffraction limited microscope. Thus,
super-resolution fluorescent microscopy that breaks the diffraction limit has gained popularity in
recent decades. Many neurological diseases involve changes in the expression of proteins with
key functions in neural excitability and neural communication. Mapping the subtle molecular
changes of the synapses such as in neurotransmitters, receptors, and ion channels across the
whole brain circuit would facilitate investigating of brain disorders. However, mapping requires
a new multiplexing and multiscale imaging tool for three-dimensional (3-D) nanomapping of

individual proteins throughout the whole tissue.

ExM, as introduced in Chapter 1, is a new kind of superresolution fluorescent microscopy that
involves a series of chemical processes, typically: anchoring, gelation, softening, and expansion'.
In brief, a swellable polymer is synthesized through a preserved specimen of tissue, anchoring
key molecules to the polymer. Then, the specimen is chemically softened, and water is added to
cause the polymer-specimen hybrid to swell by 100x or more in volume. However, before all

these processes, there is a key step — fixation — for ultrastructure preservation in ExM

(ultrastructure preservation is defined as maintaining the details of the cellular structure at
molecular level in a state that closely resembles their native state). The fixatives that widely used
in biological labs are paraformaldehyde (PFA) and/or glutaraldehyde (GA). Both fixatives work
by forming crosslinks between proteins to lock the proteins in place'’>. If the fixation is not
strong enough, the ultrastructure of the cells could not be well preserved. However, if the
fixation is too strong, the epitope masking effect will be severe, posing a challenge to the

labeling efficiency. In ExM, the preserved sample requires a softening step before expansion to
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enable the isotropic expansion and the use of strong fixation will prevent expansion, thus a harsh
softening condition to free the expansion process is required, for example, using broad-spectrum
proteolytic digestion such as proteinase K to cut protein sequence nonspecifically or denaturing
the proteins in detergent buffer with high heat treatment as in earlier versions of ExM*’. Both
methods will cause the loss of protein information. Therefore, fixation is of crucial importance

for ultrastructure preservation and isotropic expansion in ExM.

Current ExM protocol variants use non-cleavable fixatives, such as PFA and/or GA which make
the decrowding of protein complexes difficult. Due to the crosslinking between proteins, there is
a high chance that the entire protein complex will be pulled to one side of the polymer mesh after
expansion, rendering the visualization of individual proteins impossible. Therefore, using ExM
to map molecular changes with nanoscale resolution, for example at synapse where many protein
complexes are located, new chemistries for fixation are needed. Here, we developed a new form
of ExM and improved the fixation protocol beyond that of earlier versions of ExM by inventing
novel chemicals. We have screened commercially available cleavable crosslinkers with different
functional groups that target the amines on proteins, such as aldehyde group, epoxide group and
N-Hydroxysuccinimide (NHS) ester. We have also designed and synthesized chemicals that are
small, fast-diffusing, and specifically reactive towards targeted functional groups on proteins.
The results show that our new form of ExM allows for (1) biomolecules of interest to be locked
in place with better spatial precision; (2) epitopes to be better preserved with milder softening
condition; and (3) more homogeneous expansion, so that individual proteins being pulled apart
isotopically is possible. Thus, the very three-dimensional biomolecular information that we want
to read out in order to understand the organization of proteins can be preserved to the maximum

extent possible.

2.2 Results

2.2.1 Strong fixative is needed for ultrastructure preservation in ExM

Microtubules have commonly been used to validate the resolution of the superresolution
microscopy due to their defined shape. They are polymers formed by alpha and beta tubulin, so
we use microtubules as the model protein complex to test our fixatives. The criteria of a good
fixative to achieve ultrastructure preservation are that (1) it needs to be small, so they could

diffuse into the cell/tissue fast enough; (2) the reaction rate between fixative and proteins needs
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to be fast enough to stabilize the proteins and kill the autolysis process; and (3) it is able to
preserve as many proteins as possible. Any protein information lost during the fixation step will
be lost forever, and therefore it is crucial to preserve proteins to the maximum during fixation.
The commonly used fixatives for microtubule fixation are methanol, PFA and/or GA in
fluorescence microscopy. Therefore, we first tested microtubule fixation by those methods in
ExM. We found that both methanol and PFA are too weak for ultrastructure preservation. Those
two fixatives cannot preserve the morphology of microtubules (Figure 7 a-f), possibly because
tubulins are badly fixed and/or after the downstream processes, the unfixed tubulins were washed

out during the washing steps or the antibody incubation step.

Next, we tested GA which is routinely used in electron microscopy sample preparation and has
demonstrated its superior ability in ultrastructure preservation'’. We found that the fixation is
strong, and the shape of the microtubules was well preserved before expansion; however, many
cracks appear both in gel and in the microtubule structure after expansion (Figure 7 ¢, g),
possibly because the crosslinks formed between proteins prevent the expansion of the polymer.
We also tested the PFA/GA fixation which is used in our previous versions of ExM!"178, We
found the ultrastructure is well preserved before expansion; however, after expansion we found
cracks and discontinuity in the structure (Figure 7 d, h), possibly because the presence of the
GA prevents the expansion. Note the antibodies are delivered post-expansion, therefore high heat
treatment has been used for the softening process instead of protease K treatment, as epitopes
will no longer be recognizable for immunostaining after the protease K treatment, and no

fluorescence signal will be observed.
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Methanol PFA+GA

Figure 7 Strong fixative preserves ultrastructure but will prevent isotropic expansion

HeLa cells were fixed by (a) methanol for 7 min at -20°C (b) 4% PFA for 10 min at room
temperature (RT) (¢) 0.5% GA for 10 min at RT and, (d) 3% PFA/0.1% GA for 10 min at RT,
then processed by ExM and immunostained against beta-tubulin before expansion. (e-h).
Zoomed in view of the microtubules in a-d, respectively. Scale bar in post-expansion units: 50
pm.

We then asked whether the specimen preserved by PFA/GA could be expanded isotopically
under mild softening conditions, so that the ultrastructure and the protein sequence could be
preserved to the maximum and the isotropic expansion is ensured. We tested various mild
softening conditions by substituting a non-specific proteolytic enzyme with enzymes that only
cut proteins at specific sites (a complete list of enzymes that we have tested and their
corresponding results are shown in Supplementary Table 1). However, we found that all these
mild softening conditions are not able to ensure the isotropic expansion and the protein
preservation at the same time. For example, discontinuous microtubules are observed with ArgC,
LysC, GluC and LysN treatment, suggesting protein loss during digestion, even though they are
milder compared to Proteinase K (Figure 8). In some cases, there are also cracks shown within
the structure, for example, the sample treated with GluC (Figure 8c), suggesting the crosslinkage

caused by fixatives still exist therefore cannot ensure the isotropic expansion. Thus, a new
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fixative that allows for ultrastructure, protein sequence preservation and isotropic expansion is

needed.

Figure 8 Mild softening methods using specific proteolytic enzymes cannot ensure the
structure preservation and isotropic expansion when the strong fixative is applied

(a-d) HeLa cells were fixed using standard PFA/GA, which preserves the ultrastructure of
microtubules. The cells were then subjected to the standard ExM protocol, with modifications
only in the softening method. Specifically, cells were softened using specific proteolytic
enzymes (a) ArgC, (b) LysC, (¢) GluC, and (d) LysN. Post-softening, cells were indirectly
immunostained with Alexa Fluor 546 against beta-tubulin, followed by expansion. Scale bar in
post-expansion units: 50 um.
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2.2.2 Designing and screening of new fixatives

We have shown that a strong fixative is needed for ultrastructure preservation, but it will prevent
downstream expansion due to the crosslinks formed between proteins. Thus, we sought to design
a series of new fixatives with the following principles: first, the fixatives are small so they can
rapidly diffuse inside the sample; second, the fixatives have reactive groups that target the
functional groups on proteins on both ends; third, the fixatives bear a cleavable bond, so we
could cleave the bond after the polymerization, in which proteins are anchored to the gel
network, and release the linkage before the expansion. The reactive groups we chose are
aldehyde group and epoxide group that have commonly been used in protein crosslinking. The
cleavable bonds we chose are the ones with known cleavage mechanism: the diol bond that can
be cleaved by oxidation, the disulfide bond that can be cleaved by reduction and the sulfone
bond which can be cleaved by sodium hydroxide. We have also screened commercially available
crosslinkers with N-hydroxysuccinimide ester group that targets the most prevailing amine
groups on proteins. The modular design of fixatives is illustrated in Figure 9a. We have also
found one special chemical called 1,2,3,4-Diepoxybutane (DEB) that does not bear a cleavable
bond, but the bond will be formed after crosslinking with two proteins between epoxide and
amines on proteins via ring-opening reaction!”. The illustration of this cleavable bond formation

via crosslinking is shown in Figure 9b.

We next did initial screening of these fixatives by testing their crosslinking ability in vitro with
purified a-Lactalbumin protein and analyzing it with SDS-PGAE (see full list of chemicals we
have tested in Supplementary Table 2). We found that only one of our designed fixatives, Al
(for chemical structure information, check Supplementary Table 2), has higher crosslinking
ability than GA (at room temperature) and one commercially available BSOCOES performed
well. We varied fixation time, temperature, pH and concentration for each crosslinker, but we
found that those crosslinkers alone cannot preserve the ultrastructure very well. However, when
supplemented with one percent PFA, the fixation of A1 and BSOCOES turns out to be very
promising, as the structure of microtubules has been well preserved compared to the standard
PFA/GA fixation (Figure 9¢, d). We reason that this is because PFA is small so they can rapidly
diffuse inside the cell to stabilize the proteins by stopping most of the autolysis process via add-
on reaction, and then the new fixative comes in to crosslink the proteins, lock the biomolecules
in place and preserving the ultrastructure. The widely used PFA/GA mixture in superresolution

microscopy'® for ultrastructure preservation of microtubules probably works in the same
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fashion. Since PFA crosslinking is reversible in high salt solution'®!, we hypothesize that the

fixatives would still be compatible with our new ExM protocol.
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b Cleavable bond formed after crosslinking via epoxide ring opening reaction

Figure 9 Design and screening of new fixatives

(a) Modular design of cleavable crosslinkers as new fixative in ExM. The designed crosslinker
has reactive groups on both ends consisting of an aldehyde, epoxide, or NHS-ester group, which
are known to be reactive toward proteins, with the most abundant groups being amine, sulfur or
carboxyl groups. The crosslinker bears a cleavable sulfone, diol, or disulfide bond so that the
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linkage between two proteins can be released. The example shows a candidate fixative, with
aldehyde groups on both ends, that crosslinks proteins by targeting amines, thereby forming a
disulfide bond that is cleavable with reduction to enable release for expansion in the downstream
ExM process. (b) Another cleavable fixative type is DEB, which does not bear a cleavable bond
prior to protein crosslinking but will form a cleavable diol post crosslinking with proteins. (¢-d)
Testing of ultrastructure preservation using new fixative candidates on cultured HeLa cells
without ExM processing. HeLa cells were fixed by (¢) A1/PFA, (d) BSOCOES/PFA and
immunostained with Alexa Fluor 546 against beta-tubulin. Scale bar in pre-expansion units: 50
pm.

2.2.3 Ultrastructure preservation of microtubules with new fixatives in new
form of ExM

Figure 10a-c illustrate the workflow of the standard ExM and the new form of ExM using
cleavable fixative. A good fixative here involves two parts: a good protein fixation ability and a
high cleavage efficiency to free the expansion process. In previous sections, we have two
crosslinkers that can be the candidates of our new cleavable fixatives due to their protein
preservation ability. Then we asked how those fixatives are compatible with this new form of
ExM and how well they can preserve the ultrastructure of microtubules after cleavage and
expansion. Therefore, we performed the same fixation, anchoring and polymerization under the
same conditions as in the previous section. Then we did cleavage and applied antibodies after the
cleavage, followed by expansion. The results of ultrastructure preservation of microtubules using
aforementioned two cleavable fixatives in ExM post-cleavage and expansion are shown in
Figure 10 d-e. In Figure 10d, cells were fixed using A1/PFA and treated with sodium hydroxide
prior to expansion. While no cracks were detected within the structure, the preservation of
ultrastructure, based on the continuity of the microtubules examined by eye, was better than
methanol or PFA fixation but inferior to that observed with PFA/GA. In Figure 10e, cells were
fixed with BSOCOES/PFA and cleaved with sodium hydroxide before expansion. Still, there are
no cracks found within the structure or the hydrogel, however, the preservation of ultrastructure,
based on the continuity of the microtubules examined by eye, was better than methanol or PFA
fixation but inferior to that observed with PFA/GA. We think this is because the reactivity of the
crosslinker is not fast enough and/or the molecular weight of the crosslinker is rather large
compared to formaldehyde or glutaraldehyde, therefore the penetration speed is not fast enough

to lock proteins in place and preserve their integrity and relative organization.
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Figure 10 Ultrastructure preservation of the designed fixative using the new form of ExM.

(a) Shows live cells to be processed with ExM and the zoomed in view of two random
cytoplasmic proteins that are close to each other. (b) Cells that have been fixed with non-
cleavable fixative, processed by standard ExM and softened via 1) high heat in detergent solution
or 2) non-specific protease K digestion. (¢) Cells that have been fixed with cleavable fixative,
processed by the new form of ExM and softened in cleavage solution at RT. (a-c¢) created using
Biorender (https://biorender.com/). (d-g) Representative images of HeLa cells processed by new
form of ExM using different cleavable fixatives and cleaved before immunostaining and
expansion. All cells were indirectly immunostained with Alexa Fluor 546 against beta-tubulin.
HeLa cells were (d) fixed by A1/PFA and cleaved with sodium hydroxide (e) fixed by
BSOCOES/PFA and cleaved with sodium hydroxide before immunostaining and gel expansion.
Scale bar in post-expansion units: 50 pum.

53



Consequently, we began to ask if there was a chemical that could quickly stabilize proteins and
anchor them to the gel simultaneously. This approach would prevent crosslinking between
proteins by fixing biomolecules directly to the gel network, instead of forming the protein-
protein network with crosslinkers first, and then being anchored to the gel network. Acrolein is
an a,B-unsaturated aldehyde that contains an aldehyde group for reacting with biomolecules and
a double bond for polymerization. It can quickly stabilize the specimen by rapidly penetrating
the tissue and reacting with cellular components, effectively halting cellular activities and
biochemical reactions that may otherwise degrade the sample's ultrastructure. Due to its small
size and ability to attach handles to proteins, facilitating their incorporation into the gel network,
we used acrolein as our reagent to "fix" the biomolecules to the gel. The concept of this idea is
illustrated in Figure 11a. First, the specimen is stabilized by acrolein, and after the aldehyde
group on acrolein reacts with the amines on proteins, the proteins are armed with a vinyl group
that allows the biomolecules to be incorporated into the gel network. The gelation step is the
same as the standard proExM conducted at physiological temperature. The formed gel then
undergoes detergent treatment for denaturation, followed by immunostaining and expansion in
water (details are provided in the methods section). We found that at room temperature, acrolein
alone is not sufficient and needs to be supplemented with 1% PFA to achieve good ultrastructure
preservation, as shown in Figure 11b-c. The details of the optimized version, which uses
acrolein as a direct fixation reagent for the gel network and conducts all key steps—fixation,
anchoring, gelation—at cold temperatures as part of a novel fixation strategy, will be provided in

the next chapter.
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Figure 11 The direct fixation of the proteins to the gel network by using acrolein

(a) The concept of the direct fixation of biomolecules to the gel network using acrolein — the
protein complex is stabilized by acrolein which is fast reactivity and rapid penetration. The
reaction between the aldehyde group of acrolein and the amine on proteins and after proteins are
armed with a vinyl group that allows them to be incorporated into the polymer network. After the
polymerization, softening and expansion, the proteins can be expanded isotopically. However,
when experiments were conducted at room temperature, acrolein needed to be supplemented
with PFA to achieve better ultrastructure preservation. (b-¢) The results of HeLa cells processed
by standard ExM except proteins were fixed to the gel with acrolein/PFA. The microtubules
were post-immunostained with beta-tubulin. Scale bar in post-expansion units: 50 um.
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2.3 Discussion

As ExM keeps evolving!”7-182

, and the resolution of ExM gets higher, the ultrastructure
preservation in ExM becomes even more important. Therefore, the fixation becomes a critical
step in the next generation ExM. In this section, we developed a novel form of ExM using a
cleavable crosslinker as the fixative. This new cleavable fixative can achieve good ultrastructure
preservation and minimize protein crosslinking by breaking the crosslinks before expansion, thus
allowing more homogeneous expansion. Moreover, antibodies are allowed to be delivered post-
expansion, which brings two important advantages'®*!84: 1) avoiding intensity decreasing caused
by fluorophore attacking during polymerization; and 2) reducing the linkage error'®. The other
option to reduce the linkage error is to use nanobodies. However, this approach still has many
limitations. For example, the availability of nanobodies is very limited compared to IgG
antibodies. Additionally, the development and production processes for nanobodies can be more
complex and costly. Despite their smaller size and potentially higher specificity, which can be
advantageous in reducing linkage error, the current limitations in accessibility and production

make them less practical for widespread use in many experimental settings.

Although the use of cleavable fixatives in the new form of ExM can balance the two contrary
and competing demands—strong chemical cross-linking to preserve the nanoscale organization
of biomolecules and the need for clean, isotropic separation of biomolecules from each other in
the expansion step—there is still room for improvement in the preservation of ultrastructure. For
example, we found that acrolein can be used as the anchoring reagent to fix biomolecules to the
gel network and minimize cross-linking between biomolecules. However, this process must be
conducted at cold temperatures to prevent structural perturbation due to the absence of fixatives.
The gelation step also needs to be performed at cold temperatures and rapidly for the same
reason. The details of this method, which allows for conducting all key steps (fixation, anchoring,
and gelation) before biomolecules are secured to the gel network, will be described in the next

chapter.
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2.4 Methods

Cell culture

HeLa cells (ATCC) were cultured in Dulbecco's Modified Eagle Medium (DMEM; Corning,
catalog no. 10013CV) with 10% heat-inactivated fetal bovine serum (FBS; Thermo Fisher,
catalog no. A3840001) and 1% penicillin-streptomycin (Thermo Fisher, catalog no. 15140122) at
37 °C in a humidified 5% CO?2 incubator to reach 50~70% confluency.

Reagents and standard ExM Monomer Solution Preparation

Sodium acrylate (SA; Pfaltz & Bauer, catalog no. S03880) was used as the primary monomer
essential for gel expansion. Acrylamide (AAm; Sigma Aldrich, catalog no. A9099-25G) served
as the co-monomer. N,N'-Methylenebisacrylamide (Bis; Sigma-Aldrich, catalog no. 146072) was
employed as the crosslinker, prepared as a 2% (w/v) stock solution in deionized water and stored
at 4°C. The initiation system comprised ammonium persulfate (APS) and N,N,N’,N'-
Tetramethylethylenediamine (TEMED), both prepared as 10% (w/v) stock solutions in deionized
water and stored at -20°C. The monomer solution was prepared following the proExM protocol
which comprised of 8.6% (w/v) SA, 2.5% (w/v) AAm, 0.15% (w/v) Bis, 2 M NaCl, 0.1% (w/v)
TEMED, and 0.1% (w/v) APS, in phosphate buffered saline (PBS).

Effect of commonly used fixative on microtubule preservation

We tested four different fixation conditions to investigate their effect on microtubule
preservation by post-expansion staining: (1) methanol for 7 minutes at -20°C, (2) 4% PFA in
PBS for 10 minutes at room temperature (RT), (3) 0.5% GA in PBS for 10 minutes at RT, and (4)
3% PFA/0.1% GA in PBS for 10 minutes at RT. HeLa cells cultured in a 24-well plate with 12-
mm-diameter coverslips were first gently rinsed twice with prewarmed (37°C) Dulbecco's
Phosphate-Buffered Saline (DPBS; Thermo Fisher, catalog no. 14190136) to remove any
residual media. The corresponding fixative solution was then added, and cells were incubated for
the times under conditions mentioned previously. Cells were subsequently washed three times
with PBS, 5 minutes each at RT. After removing the PBS, cells were incubated in 0.1 mg/mL 6-
((acryloyl)amino)hexanoic acid, succinimidyl ester (AcX, Thermo Fisher, catalog no. A20770)
in PBS for at least 2 hours at RT without shaking. AcX was prepared as a 10 mg/mL stock
solution in DMSO and stored at -20°C. After anchoring with AcX, the cells were washed three

times with 1x PBS, 5 minutes each. The coverslips with cells were then transferred to a gelation
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chamber (the detailed construction of the gelation chamber can be found in ref.!3%). The standard
ExM monomer solution (with APS and TEMED added last) was then added to the cells and
allowed to gel at 37°C for 1.5 hours in a humidified box.

Denaturation, post-expansion immunostaining, and expansion

After the gelation process, the gel was subjected to a denaturation step for subsequent staining.
The reagents being used for denaturation are Tris(hydroxymethyl)aminomethane (Tris; Thermo
Fisher, catalog no. AM9855G), Sodium chloride (NaCl, Thermo Fisher, catalog no. AM9759),
Sodium hydroxide(NaOH; Sigma, catalog no. S8263), Sodium n-dodecyl sulfate (SDS;
Thermifisher, catalog no. AM9820). 20mL denaturation buffer was prepared by mixing 12.38
mL of deionized water, 1 mL of 1M Tris (pH 8.0), 0.8 mL of SM NacCl, 60 uL. of 5SM NaOH, and
5.76 mL of 20% SDS, with the pH adjusted to 9.0. The gel was incubated in a denaturation
buffer for 1.5 hours at 95°C. Following denaturation, the gel was washed three times with 1x

PBS for 30 minutes each to remove any residual denaturation buffer.

For immunofluorescence staining, all processes were conducted at room temperature (RT) unless
otherwise specified. The protocol began with blocking to reduce nonspecific binding by
incubating the gel in 400 pL. of MAXblock Blocking Medium (Active Motif, catalog no. 15252)
for 30 minutes to 1 hour. This was followed by a single wash with MAXwash™ Washing
Medium (Active Motif, catalog no. 15254) for 10 minutes to prepare the gel for antibody
incubation. For primary antibody staining, rabbit anti-tubulin (abcam, catalog no. ab6046) was
diluted 1:100 in MAXbind™ Staining Medium (Active Motif, catalog no. 15253).
Approximately 250 pL of the primary antibody solution was added to each well of a 24-well
plate, and the gel was incubated for 5 hours at RT or overnight at 4°C. After primary antibody
binding, the gel was washed three times with 1x PBS, each wash lasting 30 minutes, to remove
unbound primary antibodies. For secondary antibody staining, goat anti-rabbit AF546 (Thermo
Fisher, catalog no. A-11035) was diluted 1:100 in MAXbind™ Staining Medium. Similar to the
primary antibody step, 250 puL of the secondary antibody solution was added to each well,
followed by incubation for 5 hours at RT or overnight at 4°C. The gel underwent a final series of
three 30-minute washes with 1x PBS to ensure the removal of excess secondary antibody.
Finally, the gel was first expanded in deionized water for two 30-minute sessions, followed by an

overnight incubation.
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Testing mild softening method with non-specific enzymes

HeLa cells cultured in a 24-well plate with 12-mm-diameter coverslips were first gently rinsed
twice with prewarmed (37°C) DPBS to remove any residual media. All the following steps were
performed at RT unless otherwise specified. The fixative solution composed of 3% PFA and 0.1%
GA was then added, and cells were incubated for 10 min. Cells were subsequently quenched
with 0.1% (w/v) sodium borohydride (Sigma Aldrich, catalog no. 213462-25G) in PBS for 7 min
followed by incubation in 100mM glycine (Sigma Aldrich, catalog no. G7126-100G) in PBS for
10 min. Then cells were washed three times with PBS, 5 minutes each. After removing the PBS,
cells were incubated in 0.1 mg/mL AcX in PBS for at least 2 hours without shaking. After
anchoring with AcX, the cells were washed three times with 1x PBS, 5 minutes each. The
coverslips with cells were then transferred to a gelation chamber. The standard ExXM monomer
solution (with APS and TEMED added last) was then added to the cells and allowed to gel at
37°C for 1.5 hours in a humidified box.

Next, the gel was incubated in enzyme digestion buffer (without the enzyme) for 30 minutes at
RT (refer to Supplementary Table 1 for each enzyme’s corresponding condition). The digestion
buffer was then replaced with the same buffer containing the enzyme, and the gel was incubated
for the corresponding time and temperature (also see Supplementary Table 1). After the
digestion and gel was washed three times with PBS, the gel was then incubated in 400 pL of
MAXblock Blocking Medium for 30 minutes to 1 hour. This was followed by a single wash with
MAXwash™ Washing Medium for 10 minutes to prepare the gel for antibody incubation. For
primary antibody staining, rabbit anti-tubulin (abcam, catalog no. ab6046) was diluted 1:100 in
MAXbind™ Staining Medium. Approximately 250 pL of the primary antibody solution was
added to each well of a 24-well plate, and the gel was incubated for 5 hours at RT or overnight at
4°C. After primary antibody binding, the gel was washed three times with 1x PBS, each wash
lasting 30 minutes, to remove unbound primary antibodies. For secondary antibody staining, goat
anti-rabbit AF546 (Thermo Fisher, catalog no. A-11035) was diluted 1:100 in MAXbind™
Staining Medium. Similar to the primary antibody step, 250 uL of the secondary antibody
solution was added to each well, followed by incubation for 5 hours at RT or overnight at 4°C.
The gel underwent a final series of three 30-minute washes with 1x PBS to ensure the removal of
excess secondary antibody. Finally, the gel was expanded in deionized water for two 30-minute

sessions, followed by an overnight incubation.
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Testing of ultrastructure preservation of microtubules using cleavable fixative candidates

on HeLa cells

Two fixative candidates were tested: one commercially available and one custom-made. The
commercial fixative was bis[2-(succinimidyloxycarbonyloxy)ethyl]sulfone (BSOCOES, Thermo
Fisher, catalog no. 21600) in powder form, and the custom-made fixative was sulfonyl-bis-
acetaldehyde (A1) in liquid form. BSOCOES was prepared as a 100 mM stock solution in
anhydrous dimethyl sulfoxide (DMSO, Thermo Fisher, catalog no. D12345) and stored at -20°C.

For samples without ExM processing: HelLa cells cultured in a 24-well plate with 12-mm-
diameter coverslips were first gently rinsed twice with prewarmed (37°C) DPBS to remove any
residual media. A 40 mM fixative supplemented with 1% PFA in PBS was then added, and cells
were incubated for 8 hours at RT. Cells were subsequently washed three times with PBS, 5
minutes each at RT. After removing the PBS, the samples underwent immunofluorescence
staining. All processes were conducted at RT unless otherwise specified. First, the samples were
incubated in 250 pL. of MAXblock™ Blocking Medium for 15 minutes. This was followed by a
single wash with MAXwash™ Washing Medium for 10 minutes to prepare the samples for
antibody incubation. For primary antibody staining, rabbit anti-tubulin (abcam, catalog no.
ab6046) was diluted 1:100 in MAXbind™ Staining Medium. Approximately 250 pL of the
primary antibody solution was added to each well of a 24-well plate, and the samples were
incubated for 2 hours at RT or overnight at 4°C. After primary antibody binding, the samples
were washed three times with 1x PBS, each wash lasting 10 minutes, to remove unbound
primary antibodies. For secondary antibody staining, goat anti-rabbit AF546 (Thermo Fisher,
catalog no. A-11035) was diluted 1:100 in MAXbind™ Staining Medium. Similar to the primary
antibody step, 250 uL of the secondary antibody solution was added to each well, followed by
incubation for 2 hours at RT or overnight at 4°C. The samples then underwent a final series of
three 10-minute washes with 1x PBS to ensure the removal of excess secondary antibody before

being prepared for imaging.

For samples with ExM processing (including cleavage of the cleavable fixative): HeLa cells
cultured in a 24-well plate with 12-mm-diameter coverslips were first gently rinsed twice with
prewarmed (37°C) DPBS to remove any residual media. A 40 mM fixative supplemented with 1%
PFA in PBS was then added, and cells were incubated for 8 hours at RT. Cells were
subsequently washed three times with PBS, 5 minutes each at RT. After removing the PBS, cells
were incubated in 0.1 mg/mL AcX in PBS for at least 2 hours at RT without shaking. After
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anchoring with AcX, the cells were washed three times with 1x PBS, 5 minutes each. The
coverslips with cells were then transferred to a gelation chamber. The standard ExXM monomer
solution (with APS and TEMED added last) was then added to the cells and allowed to gel at
37°C for 1.5 hours in a humidified box. After the gelation process, the gel was subjected to a
cleavage and softening step. The gel was incubated in a buffer consisting of 8M urea (Thermo
Fisher, catalog no. 29700) and 50 mM dithiothreitol (DTT, Thermo Fisher, catalog no. D1532) in
water and adjusted the pH to 9.3. The gel was shaken at RT for 20 minutes, followed by
incubation at 95°C for 30 minutes. Afterward, the gel was washed three times with 1x PBS for
30 minutes each. The gel was then incubated in 400 pL of MAXblock Blocking Medium for 30
minutes to 1 hour. This was followed by a single wash with MAXwash™ Washing Medium for
10 minutes to prepare the gel for antibody incubation. For primary antibody staining, rabbit anti-
tubulin (abcam, catalog no. ab6046) was diluted 1:100 in MAXbind™ Staining Medium.
Approximately 250 pL of the primary antibody solution was added to each well of a 24-well
plate, and the gel was incubated for 5 hours at RT or overnight at 4°C. After primary antibody
binding, the gel was washed three times with 1x PBS, each wash lasting 30 minutes, to remove
unbound primary antibodies. For secondary antibody staining, goat anti-rabbit AF546 (Thermo
Fisher, catalog no. A-11035) was diluted 1:100 in MAXbind™ Staining Medium. Similar to the
primary antibody step, 250 pL of the secondary antibody solution was added to each well,
followed by incubation for 5 hours at RT or overnight at 4°C. The gel underwent a final series of
three 30-minute washes with 1x PBS to ensure the removal of excess secondary antibody.
Finally, the gel was expanded in deionized water for two 30-minute sessions, followed by an

overnight incubation.
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2.5 Supplementary Information

Supplementary Table 1 A list of enzymes has been tested as a mild softening method when the

specimen is preserved by standard GA/PFA fixation.

Enzymes Vendor Cat# Condition Results
Trypsin New P8101S | 50 ug/mL Microtubules appear
England 50 mM Tris, pH 8 discontinuous
Biolabs 5 mM CacCl,
37°C, overnight
LysC New P8109S 20 ug/mL Microtubules appear
England 50 mM Tris, pH 8.5 discontinuous
Biolabs 1 mM EDTA
37°C, overnight
GluC New P8100S 50 ug/mL Observed cracks within
England 100 mM ammonium bicarbonate | the gel & microtubules
Biolabs buffer, pH 8 appear discontinuous
0.5 mM Glu-Glu
25°C, overnight
AspN New P8104S 50 ug/mL Microtubules appear
England 50 mM ammonium bicarbonate | discontinuous
Biolabs buffer, pH 8
2.5mM ZnSO,
37°C, overnight
rLys-C Promega | V1671 15 ug/mL Microtubules appear
50 mM Tris, pH 8.5 discontinuous
1 mM EDTA
37°C, overnight
Arg-C Promega | V1881 10 ug/mL Microtubules appear
50 mM Tris, pH 7.8 discontinuous
2mM EDTA, 10 mM DTT
37°C, overnight
LysN Promega | VA1180 | 50 mM Tris, pH 8 Observed cracks within
2 mM ZnSOq4 the gel & microtubules
37°C, overnight appear discontinuous
LysC/Trypsin | Promega | V5071 20 ug/mL Microtubules appear
50 mM Tris, pH 8 discontinuous
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37°C, overnight

Chymotrypsin

Promega

25 ug/mL
100 mM Tris, pH 8
25°C, overnight

Microtubules

discontinuous

appear
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Supplementary Table 1 A list of chemicals have been tested as cleavable fixatives.

Name

Chemical Structure
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Boronate traceless crosslinker
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Chapter 3 Subzero Temperatures Expansion Microscopy for

Ultrastructural Preservation

3.1 Introduction

All ExM protocols have the same basic four steps. First, biomolecules are covalently equipped
with handle-like, or anchor-like, molecules bearing a polymerizable group. Second, a hydrogel
is then formed (mesh size ~1-2 nm '¥7) that weaves its way throughout the specimen, inside and
outside cells, and intercalating between biomolecules, binding to the anchors (and thus anchoring
the biomolecules to the polymer mesh). Third, the specimen is softened (typically through
enzymatic, heat, and/or detergent treatment). Finally, the sample is exposed to water which
causes swelling (typically by 4x-10x, although the process can be iterated !"”-13%). Before any of
these steps begin, there is an inevitable preprocessing step: a sample is chemically fixed, an
important step because it preserves the integrity and/or relative organization of biomolecules. In
other branches of nanoimaging, such as electron microscopy, to improve integrity and relative
organization, chemical fixation sometimes is conducted at cold temperatures in a process called
freeze substitution, in which a frozen sample at liquid nitrogen temperature '*° is exposed to a
liquid organic solvent containing a covalent crosslinking fixative (e.g., glutaraldehyde) %11,

The idea is that the fixative binds biomolecules while in a cold, but liquid state, so that covalent

fixation occurs while the sample is in a high-integrity state, preserving relative organization.

Recently, a pioneering attempt was made to create such a process compatible with ExM, in a
protocol called CryoExM 2. In CryoExM, the sample was first rapidly frozen (to -1800C) and
then immersed in cold acetone, followed by raising the temperature of the acetone, gradually
substituting ethanol and finally PBS for the acetone as the temperature rose above 0oC, ending
with the cells in cold liquid PBS. At that time, the chemical fixative formaldehyde was
introduced at 370C in PBS, which began to covalently crosslink biomolecules with each other;
acrylamide was also included, to enable some fraction of the formaldehydes attached to target
molecules to bind a polymer-incorporable anchor to the target biomolecule (MAP-style fixation
193). Given that the sample, in this protocol, was raised above freezing, and even to physiological
temperatures, before chemical fixation began, we wondered if the introduction of the chemical
fixative, and the anchoring molecule, could be done while the sample was still at cold

temperatures, in the ExM context. After all, in electron microscopy-style methods, the

67



glutaraldehyde would be introduced while the sample was still quite cold. Copying this strategy
literally, however, could compromise the later expansion process, as glutaraldehyde fixation
causes such strong crosslinking of biomolecules to each other, that it has seldom been used in
expansion protocols, and only at concentrations much lower (0.1% vs. 2%) than in electron

microscopy, to avoid hampering expansion ',

One could stain with antibodies pre-expansion,
of course, and then use extremely strong proteolysis to disrupt the glutaraldehyde-crosslinked
proteins (in principle), but such staining would miss any proteins that are in very crowded
environments - several studies have shown that expanding proteins away from each other, before
staining, can vastly improve labeling of proteins, in many cases converting virtually invisible

proteins into visible ones !74178:184.188,193,195,196

Therefore, there are seemingly contrary and competing demands in ExM: the need for strong
chemical cross-linking to preserve the integrity and relative organization of biomolecules and the
later need for clean, isotropic separation of biomolecules during the expansion step. In this
chapter, we introduce a new protocol where we employ a chemical agent, acrolein, in methanol
for simultaneous specimen fixation and biomolecule anchoring to the hydrogel matrix at subzero
temperatures, aiming to minimize biomolecule crosslinking, which can impede subsequent
expansion. The hydrogel-specimen hybrid was formed at subzero temperatures to minimize
cellular organization perturbation. Because the molecules are fixed to the hydrogel network, and
not directly to each other — key to balancing nanoscale information preservation, and clean
molecule separability - we call this technology subzero temperature expansion microscopy, or
subExM. The key innovations of this protocol include equipping molecules with polymerizable
handles at -20°C using acrolein, permeating the specimen with the gelation solution (in water,
with freezing point depression) also at -20°C, and then triggering polymerization at -20°C using
UV light. The results of our protocol showed an increased fluorescent signal intensity in
microtubules stained post-expansion, compared to CryoExM'”2. SubExM-processed
microtubules showed more continuous fluorescent signals. SubExM also demonstrates better
preservation of mitochondria and the Golgi apparatus, with improved signal intensity. In
summary, our method introduces a new approach to fixation that preserves ultrastructure by
directly fixing biomolecules to the gel network instead of forming crosslinks between
biomolecules. This approach allows the entire ExM process, from anchoring to polymer

formation, to be conducted at cold temperatures, minimizing perturbations to the structure.
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3.2 Results

3.2.1 Development of subzero expansion microscopy

ExM involves a series of chemical processes, including anchoring, polymerization, softening
(e.g., denaturation), and expansion. However, as mentioned before, a key challenge is balancing
the need for strong cross-linking to maintain biomolecular integrity with the requirement for
clean, isotropic separation during expansion. To address this seeming contradiction, one
approach involves using a strong chemical crosslinker, such as glutaraldehyde, to crosslink
proteins. Subsequently, specific proteases can be applied under mild conditions to digest the
proteins, as described in Chapter 2. Another method is to employ a cleavable fixative that is
sufficiently strong to maintain the integrity and relative organization of biomolecules during
fixation, and then separate biomolecules by breaking the crosslinkages before expansion, which
is also detailed in Chapter 2. However, the preservation of ultrastructure is suboptimal with these
two methods. Thus, we explored the possibility of crosslinking biomolecules to each other, via
the polymer itself as an intermediate, and to do this rapidly, while still in a high-integrity
condition, such as at low temperatures. Then, the biomolecules would be locked in a
configuration close to the native state, due to the rapid, high-integrity anchoring to the polymer,
all while cold, while simultaneously being readied for separation in the swelling step, because
the biomolecules are not directly covalently bound to each other — they are only anchored to the
very substrate that will swell them apart from their neighbors. We thus set out to develop a
strategy for applying “handles” to proteins, and to form a densely permeating hydrogel network

that anchors the proteins via the handles, all at -200C.

To carry out biomolecule anchoring at subzero temperatures, we sought to find an anchoring
reagent that carries both a chemical group that covalently reacts with biomolecules at cold
temperatures, and a handle for polymerization into the ExM gel matrix. In addition to these
chemical reactivity requirements, ideally the reagent needs to be small enough for fast diffusion
throughout cells at cold temperatures. Acrolein is the smallest reagent carrying an aldehyde
group and a polymerizable carbon-carbon double bond. The aldehyde group can covalently react
with biomolecules at cold temperatures as proven by the wide usage of aldehydes in electron
microcopy-style cold temperature freeze substitution protocols. The carbon-carbon double bond
placed right next to the aldehyde group is also a handle that is commonly used in radical-based

polymerization reactions. We chose to dissolve acrolein in methanol, an organic solvent with low
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freezing point (-97.6 °C) and commonly used to fix biological samples at -20 °C, to ensure that
the biological sample would be rapidly fixed and anchored in an organic solvent state (where
presumably the biomolecules such as proteins are fixed, not by crosslinking, but by

precipitation), all at subzero temperatures.

In addition to the cold temperature anchoring strategy with acrolein-methanol solution, we
sought to also develop a gel recipe and protocol that forms ExM gel at -20 °C. Such as cold
temperature polymerization strategy requires the gel mixture to remain liquid at -20 °C such that
the gel monomers can diffuse evenly throughout the biological specimen. In addition, it also
requires that the polymerization reaction be initiated in a temperature-independent way. To fulfil
the first requirement, we designed a gel recipe with 48% (w/v) N,N-dimenthylacrylamide
(DMAA, a neutral ExXM monomer that is a liquid with freezing point of -40 °C), 10% (w/v) of
sodium acrylate (an ionic ExXM monomer to help with expansion), 0.1% (w/v) N,N'-methylene-
bis-acrylamide (a ExM gel crosslinker), in water. The high percentage of DMAA led to freeze
point suppression such that this gel recipe remains liquid at -20 °C. We used 0.5% (w/v) of a
photo-initiator 1-2959 to trigger polymer formation with UV light. Photo-polymerization is heat-
independent thus might enable rapid ExM gel formation at -20 °C.

Combining the acrolein-methanol fixation/anchoring and the photopolymerization approaches
outlined above, we developed a subExM workflow for cultured cells (Fig. 12). The entire
anchoring and gelation processes (Fig. 1a) are conducted at -20 °C, starting with treating live
cultured cells for 8 minutes with 0.5% acrolein dissolved in methanol to fix the sample and
install gel anchors on biomolecules (Fig. 12a, top). Immediately after acrolein-methanol
treatment, the cells are incubated for 5 minutes with the aforementioned photo-polymerization
monomer solution followed by UV light exposure for 3 minutes to form the ExM gel. Overall,
the anchoring and gelation steps took less than 20 minutes to complete. Then, the hydrogel-cell
hybrid enters a denaturation, expansion, and staining sequence similar to that in existing post-
expansion staining ExM protocols such as MAP, ExR, U-ExM, CryoExM !84188.192.193
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Figure 12 Subzero Temperature Expansion Microscopy (subExM) workflow for Cultured

Cells

(a—d) Workflow for expanding cultured cells with subExM. Key differences from published
CryoExM are shown in green text. ACR, acrolein; DMAA, N,N-dimethylacrylamide; SDS,
sodium dodecyl sulfate; 1-2959, 2-Hydroxy-4'-(2-hydroxyethoxy)-2-methylpropiophenone; PBS,
phosphate buffered saline. For steps after decrowding (c), linear expansion factor of the
hydrogel-specimen composite is shown in parentheses above the schematic of the step. (a)

cultured U20S cells are stabilized with cold acrolein in methanol at -20°C, fixing and anchoring
biomolecules; cells are then infiltrate with monomer solution at -20°C; after infiltration, cells are
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then placed in a gelation chamber and exposed to UV light at -20°C to form the hydrogel. (b)
With biomolecules now securely embedded in the gel network, samples are incubated in a
softening buffer to denature proteins at above-zero temperatures; softened samples are then
washed in PBS buffer and will be partially expanded. (d) Next, samples are immunostained and
expanded fully by immersion in water. (g) Photographs illustrating (i) the monomer solution,
which remains in a liquid state at -20°C; (ii) the post-cryogelation hydrogel formed at -20°C (the
specimen-polymer hybrid remains as a hydrogel after two days at -20°C); (iii) the expanded
hydrogel after immersion in water at RT.

3.2.2 subExM enables better ultrastructure preservation of microtubules

To validate the preservation of microtubule ultrastructure by subExM compared to CryoExM
protocols, we conducted a continuity analysis — quantitative measurements of microtubule
intensity, gap ratio in total length, and average gap size. This analysis involved tracing selected
microtubules within the sample, measuring tubulin intensity along these tracings, and
establishing a background intensity level. A "gap" in the microtubule was identified if its
intensity fell below a threshold defined as the mean plus the standard deviation of the
background signal. The results, presented in Figure 13, offer a detailed quantitative comparison
between the two techniques. Figure 13a displays an expanded B-tubulin-immunostained U20S
cell sample prepared by plunge freezing and freeze substitution with acetone, with the
subsequent ExM process carried out at 37°C as described in the CryoExM protocol. The inset in
Figure 13a highlights a magnified view of the area indicated by the yellow box. In contrast,
Figure 13b shows an expanded B-tubulin-immunostained U20S cell sample prepared using the
subExM protocol, with polymerization performed at -20°C. The inset of Figure 13b magnifies
the area marked by the yellow box. We quantified 48 microtubule segments from samples
prepared via the CryoExM method and 57 microtubule segments from samples prepared via the
subExM method. Microtubules subjected to subExM exhibited a 3.6-fold higher mean intensity
(318.4+108.2) and an absence of gaps, in contrast to those processed by CryoExM, which
showed a lower mean intensity (89.5+42.6) and measurable gaps. These findings emphasize the

enhanced microtubule continuity achieved with subExM.
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Figure 13 subExM enables better ultrastructure preservation of microtubules

(a) A confocal image (maximum intensity projection from a representative experiment) of
expanded B-tubulin-immunostained U20S cells, cryofixed via plunge freezing, followed by
freeze substitution with acetone. The subsequent ExM process was performed as described in
CryoExM, with polymerization carried out at 37°C. The inset shows a magnified view of the
region highlighted in yellow in a. (b) A confocal image (maximum intensity projection from a
representative experiment) of expanded p-tubulin-immunostained U20S cells, fixed and
polymerized at -20°C. The inset shows a magnified view of the region highlighted in yellow in b.
(c-e) Quantification of intensity (c), gap ratio in total length (d), and average gap size (um,
post-expansion) (e) in expanded U20S cells post-CryoExM or subExM processing. CryoExM:
89.5+42.6 (mean + standard deviation, n=48 microtubule segments, 4 wells of cell culture from
two culture batch); subExM: 318.4+108.2 (mean + standard deviation, n=57 microtubule
segments, 5 wells of cell culture from two culture batch); CryoExM: 0.25+0.28 (mean + standard
deviation, n=48 microtubule segments from two culture batch); subExM: 0+0 (mean + standard
deviation, n=57 microtubule segments from two culture batch); CryoExM: 0.75+0.89 (mean +
standard deviation, n=48 microtubule segments from two culture batch); subExM: 0+0 (mean =+
standard deviation, n=57 microtubule segments from two culture batch). Data from two
independent experiments, ****p<(0.0001. Scale bars in post-expansion units: 10 um (a, b), 2 um
(inset of a, b). Two-tailed unpaired t-tests with Welch’s correction used for statistics.

73



3.2.3 Enhanced protein retention of different cellular structures using
subExM

To further examine the performance of subExM when applied to other cellular organelles, such
as mitochondria and Golgi apparatus, we conducted a comparative analysis focusing on protein
preservation between subExM and the CryoExM protocols. Figures 14a and 14b illustrate the
results for TOM20-immunostained HeLa cells, with the former prepared using the CryoExM
protocol and the latter with subExM. The cells processed via subExM exhibited a higher TOM20
intensity, with a mean and standard deviation of 1210.7+405.1, compared to 278.5£174.5 for
CryoExM, the quantitative results is shown in Fig3c. Similarly, Figures 14d and 14e present
GM130-immunostained HeLa cells prepared following the CryoExM and subExM protocols,
respectively. The subExM-treated cells showed a significantly enhanced intensity, with a mean
and standard deviation of 2164.4+792.7, compared to 119.2+118.8 for CryoExM. The
quantitative results is depicted in Figure 14f and the results show subExM method outperformed

CryoExM in preserving the Golgi apparatus structure as well as the protein retention.
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Figure 14 Enhanced protein retention of different cellular structures using subExM

(a) Maximum intensity projection of a confocal image from a typical experiment, showing
TOM20-immunostained HeLa cells. Cells were cryofixed via plunge freezing and underwent
freeze substitution with acetone. The subsequent expansion microscopy (ExM) process followed
the CryoExM protocol, with polymerization conducted at 37°C. The inset shows a detailed view
of the area highlighted in yellow. (b) A similar confocal image of TOM20-immunostained HeLa
cells, which were processed using subExM with polymerization at -20°C. The inset shows a
detailed view of the area highlighted in yellow. (¢) Quantitative analysis of TOM20 intensity in
expanded HeLa cells. The mean and standard deviation are 278.5£174.5 for CryoExM and
1210.7+£405.1 for subExM. (d) Confocal image (maximum intensity projection from a typical
experiment) of GM130-immunostained HeLa cells, also cryofixed and freeze-substituted with
acetone, followed by the CryoExM protocol. Polymerization was performed at 37°C. The inset
shows a magnified view of the yellow-highlighted region. (e) Confocal image (maximum
intensity projection from a typical experiment) of GM130-immunostained HeLa cells, subExM
processed with polymerization at -20°C. The inset shows a detailed view of the area highlighted
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in yellow. (f) Quantification analysis of GM130 intensity in expanded HeLa cells. The mean and
standard deviation are 119.2+118.8 for CryoExM and 2164.4+792.7 for subExM.

Analysis of TOM20 Intensity: evaluated across n=36 mitochondria for CryoExM and n=42
mitochondria for subExM, derived both from three culture batches, ****p<0.0001. For GM130
Intensity: examined n=36 fields of view within the Golgi apparatus for CryoExM from three
culture batches and n=40 fields of view for subExM from two culture batches, ****p<(.0001.
Scale bars in post-expansion units: 10 um (main images), 5 um (insets). Statistical analyses used
unpaired two-tailed t-tests with Welch’s correction.
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3.3 Discussion

SubExM provides a solution to the seemingly contradictory and competing demands in ExM: the
need for strong chemical cross-linking to preserve the integrity and relative organization of
biomolecules, and the subsequent need for clean, isotropic separation of biomolecules during the
expansion step. By using acrolein for simultaneous fixation and anchoring, the method "fixes"
the biomolecules to the gel network instead of forming crosslinks between biomolecules, thus
avoiding excessive crosslinking. Additionally, forming the gel at subzero temperatures further
minimizes alterations to the cellular ultrastructure. Our continuity analysis has shown that
subExM performs better than cryofixation-based methods, where anchoring and polymerization
still occur at above-zero temperatures, in preserving microtubule ultrastructure. This is evidenced
by enhanced protein retention and significant improvements in structural continuity. These
outcomes highlight the effectiveness of subExM and extend its potential applicability to various
structures, as shown by our observations of mitochondria and the Golgi apparatus with improved
protein retention. The enhanced preservation of ultrastructure provided by subExM can offer
new insights into cellular architecture and functions. Additionally, the simplicity and speed of
this method, combined with the use of readily available reagents and no need for specialized

equipment, make it accessible and practical for a wide range of research laboratories.

Nonetheless, future research is needed to further refine the subExM protocols. A current
drawback is the challenge in performing distortion analysis, which is typically achieved by
comparing super-resolution images of pre-expansion staining with diffraction-limited confocal
images of post-expansion staining of the same sample. This analysis is important for assessing
the expansion uniformity. The subExM protocol, necessitating the concurrent execution of
fixation, anchoring, and polymerization at subzero temperatures without intermediate steps,
precludes traditional immunostaining prior to polymerization, thus complicating distortion
analysis. A potential solution involves the incorporation of an intrinsic ruler, as demonstrated by
the GelMap method'”’, for accurate distortion assessment. Moreover, while the current protocol
is optimized for cultured cells, additional optimization is necessary for adapting this technique to

a wider array of biological specimens.
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3.4 Methods

Cell culture

Human bone osteosarcoma epithelial cells (U20S; ATCC) and HeLa cells (ATCC) were
cultured in Dulbecco's Modified Eagle Medium (DMEM; Corning, catalog no. 10013CV) with
10% heat-inactivated fetal bovine serum (FBS; Thermo Fisher, catalog no. A3840001) and 1%
penicillin-streptomycin (Thermo Fisher, catalog no. 15140122) at 37 °C in a humidified 5% CO2

incubator to reach 50~70% confluency.

Reagents and subExM monomer solution preparation

Sodium acrylate (SA; Pfaltz & Bauer, catalog no. S03880) served as the hydrophilic monomer
which is critical for the gel’s expansion. N,N-Dimethylacrylamide (DMAA, Acros Organics,
catalog no. 432021000) was employed as a co-monomer. N,N'-Methylenebisacrylamide (Bis-
acrylamide, Sigma-Aldrich, catalog no. 146072) was used as a crosslinker, prepared as a 2%
(w/v) stock solution in deionized water and stored at 4°C. The photoinitiator Irgacure 2959 (I-
2959, Sigma-Aldrich, catalog no. 410896) was chosen for its efficient free radical generation

under UV light, initiating polymerization without requiring thermal activation.

10 mL of subExM gelation solution was prepared by following steps: first, 1 g of sodium
acrylate and 500 mg of the photoinitiator 1-2959 were weighed and added to 3.5 mL of deionized
water in a 20 mL glass vial. Subsequently, 5 mL of DMAA was added to the mixture. A 500 uL
of Bis-acrylamide stock solution was then added to introduce crosslinks within the polymer
network. To prepare the Bis stock solution, 200 mg of Bis-acrylamide was dissolved in deionized
water to a final volume of 10 mL. Then, the mixture was subjected to vigorous vortexing for 1
minute to ensure homogeneity. Subsequent to the initial vortex mixing, the mixture underwent
sonication in an ice-water bath for 15 minutes to ensure uniform dispersion of components and to
expel entrapped air, enhancing the polymer network's quality. This was followed by an
additional vortex mixing step for 1 minute to further homogenize the mixture. In cases where the
mixture did not achieve homogeneity, it was subjected to continuous stirring for 5 minutes,
facilitating the thorough mixing of the components. This can give us approximately 4~4.5-fold

linear expansion depending on the purity of the sodium acrylate.
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Plunge-freezing and freeze substitution

The experimental procedure was performed as described in the literature!”>. To enhance the
consistency of our results, we opted for a commercially manufactured cryoplunger, the Gatan
CP3, instead of the homemade plunger. The vitrified cells were prepared by positioning 12-mm
coverslips, bearing the biological specimen, using precision tweezers to hold them at their
midpoint. Excess culture medium was carefully blotted away with filter paper before the
coverslips were swiftly submerged into liquid ethane using the Gatan CP3 cryoplunger.
Subsequent to plunge-freezing, the coverslips were immediately transferred into a pre-chilled 5-
ml Eppendorf tube filled with solidified acetone (Thermofisher Scientific, catalog no.
AC326801000) at liquid nitrogen temperature. To ensure optimal cryofixation, the tubes were
positioned at a 45-degree angle on dry ice and gently agitated overnight, allowing a gradual
temperature increase to —80°C. This was followed by a controlled warming phase, absent dry ice,
lasting 1.5 hours until the temperature stabilized near 0°C. Rehydration of the samples was
conducted through a series of ethanol:water baths for 5 minutes each, following a descending
concentration gradient: 100% ethanol (twice), 95% ethanol (twice), 70% ethanol, 50% ethanol,

then in PBS. The cells were then preserved in PBS for further expansion microscopy process.

Hydrophobic glass slide preparation

To render glass slides hydrophobic for subsequent use in gelation chamber assembly, an initial
step involved immersing the slides in a 0.2% (v/v) trichloro(octadecyl)silane solution (Fisher
Scientific, catalog number AC147400250) in hexane, for 90 seconds. Following immersion, the
slides underwent a sequential cleansing process involving a rinse with 70% isopropanol and
subsequently with deionized water (ddH2O), to eliminate any residual silane compound or
hexane. The drying process was carried out at 37°C, after which the slides were cleaned with a

dry kimwipe to remove any chemical residues.
For the construction of the gelation chamber for cell culture, parafilm strips, each measuring

about 4.5 cm in length and 0.2 cm in width, were carefully wrapped around the slide, creating a

chamber with a 0.4-cm spacing for subsequent polymerization experiments.
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Expansion of cell culture with subExM

First, cells adhered to the substrate were gently rinsed twice with DPBS prewarmed to 37°C, to
remove any residual media or non-adherent cells. This was immediately followed by the addition
of acrolein (Restek, Catalog No. 30645), previously chilled to -20°C (Note it is critical to use
fresh acrolein to ensure optimal reactivity and effectiveness in the fixation/anchoring process.
Using degraded or old acrolein can compromise structure integrity of the sample). The cells were
incubated with this fixative for 8 minutes at -20°C to ensure rapid and effective
fixation/anchoring while preserving cellular architecture and molecular integrity. Subsequent
subExM monomer solution, previously chilled to -20°C, was added directly to the cells without
any intermediate washing step. This approach minimizes the loss of fixed cellular components
and maintains the structural integrity for the subsequent polymerization process. The cells were
then incubated for 5 minutes, allowing sufficient time for the monomer solution to permeate the
cellular structure. Next, subExXM monomer solution was added to the previously prepared
gelation chamber, which was chilled at -20°C. Then, use a syringe needle to carefully lift the
coverslip from the plate without disturbing the monomer solution and close the chamber with the
cells facing down. Polymerization was initiated using UV light exposure for 3 minutes under an
8W UV lamp.

Expansion of cell culture with CryoExM

Reagents being used are glutaraldehyde (EMS, catalog no. 16019), paraformaldehyde (PFA;
EMS, catalog no. 15710), acetone (Thermofisher Scientific, catalog no. AC326801000),
Acrylamide (Sigma Aldrich, catalog no. A9099-25G), Bis-acrylamide (Sigma-Aldrich, catalog
no. 146072), SA (Pfaltz & Bauer, catalog no. S03880), ammonium persulfate (APS, Thermo
Fisher, catalog no. 17874), N,N,N’,N'-Tetramethylethylenediamine (TEMED; Thermo Fisher,
catalog no. 17919), nuclease-free water (Thermo Fisher Scientific, catalog no. 10977015)

The cryofixed cells were incubated in a solution of acrylamide and 1.4% formaldehyde in PBS
for a duration of 4 hours at a temperature of 37°C. This step was followed by incubation in a
CryoExM monomer solution for 5 minutes on ice, just after the addition of 0.5% TEMED and
APS to the solution. The monomer solution, composed of 19% SA, 10% AA, and 0.1% Bis-
acrylamide in PBS, was prepared in advance and stored at —20°C for no less than 24 hours
before the initiation of gelation. The SA stock solution was prepared by dissolving 25g of SA

powder in 40.8g of nuclease-free water, achieving a 38% wt/wt concentration, and stirred at 4°C
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overnight until fully dissolved. For gelation, approximately 25 puL of the monomer solution with
TEMED and APS was placed on the slide of a gelation chamber, which was prepared with
parafilm strips around a slide. A syringe needle with a bent tip was used to carefully transfer the
cryofixed cells on a 12mm coverslip from a 24-well plate to the gelation chamber, ensuring the
cells were facing down to close the chamber. Next, the chamber was placed inside a food storage
box with wet tissue paper to create a humidified environment. This setup was incubated at 37°C
to allow polymerization for an hour. Post-gelation, the gel was trimmed into an asymmetric

shape to facilitate later identification of the cell-containing side.

Denaturation, immunostaining and expansion for both subExM and CryoExM processed

sample

After the polymerization process, the gel was subjected to a denaturation step. Reagents being
used are Tris(hydroxymethyl)aminomethane (Tris; Thermo Fisher, catalog no. AM9855G),
Sodium chloride (NaCl, Thermo Fisher, catalog no. AM9759), Sodium hydroxide(NaOH;
Sigma, catalog no. S8263), Sodium n-dodecyl sulfate (SDS; Thermifisher, catalog no. AM9820).
The gel was incubated in a denaturation buffer for 1.5 hours at 95°C. 20mL denaturation buffer
was prepared by mixing 12.38 mL of deionized water, 1 mL of 1M Tris (pH 8.0), 0.8 mL of SM
NaCl, 60 pL of 5SM NaOH, and 5.76 mL of 20% SDS, with the pH adjusted to 9.0. Following
denaturation, the gel was washed three times with 1x PBS for 30 minutes each to remove any

residual denaturation buffer.

For immunofluorescence staining, the protocol began with blocking to reduce nonspecific
binding, employing 400 uL. of MAXblock Blocking Medium for 1 hour at RT. This was
followed by a single wash with MAXwash™ Washing Medium for 10 minutes at RT to prepare
the gel for antibody incubation. Primary antibody staining involved diluting rabbit anti-TOM20
(abcam, ab78547) or rabbit anti-GM130 (proteintech, 11308-1-AP) or rabbit anti beta-tubulin
(abcam, ab6046) in MAXbind™ Staining Medium to a 1:100 dilution. Approximately 250 uL of
the primary antibody solution was added to each well of a 24-well plate, and the gel was
incubated for 5 hours at RT or overnight at 4°C. After primary antibody binding, the gel was
washed three times with 1x PBS for 30 minutes each to remove unbound primary antibodies.
Secondary antibody staining was then performed. For mitochondria and Golgi samples, goat

anti-rabbit AF488 (Thermo Fisher, catalog no. A-11008) was used, and for microtubule samples,
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goat anti-rabbit AF546 (Thermo Fisher, catalog no. A-11035) was used. Similar to the primary
antibody step, 250 pL of the secondary antibody solution was added to each well, followed by
incubation for 5 hours at RT or overnight at 4°C. The gel underwent a final series of three 30-
minute washes with 1x PBS to ensure the removal of excess secondary antibody. Finally, the gel
was first expanded in deionized water for two 30-minute sessions, followed by an overnight

incubation.

Quantification of microtubules

To quantify and analyze the structure preservation of microtubules. We utilized the straight line

tool in Fiji'*®

, an open-source platform for biological-image analysis, to manually trace the
microtubules in our images. Critical to our methodology was the avoidance of tracing segments
of microtubules that overlapped with other microtubules, ensuring that our data was not skewed
by overlapping intensities. We defined a data point in a microtubule segment as a “gap” (marked
‘1’) or a “non-gap” (marked ‘0’). This determination was based on the intensity value of the data
point; if its intensity was lower than a specific threshold we set, it was classified as a “gap”. This
threshold was calculated as the sum of the mean value and the standard deviation of the
background intensity. We further defined the gap frequency as the proportion of “gap” data
points in a microtubule segment. This was calculated by dividing the number of data points
defined as “gaps” by the total number of data points within the segment. Finally, we quantified
the size of the gaps, which we defined as the length of the gaps in the post-expansion scale. For
instance, if there were four consecutive pixels classified as “gaps”, the gap size would be
calculated as four times the pixel width. The average intensity of each segment is obtained by
subtracting the average background intensity from the intensity value of each segment to account

for any potential background noise or interference.

3.5 Supplementary Information

Excel Macro for Batch Processing of Gap Ratio / Size
Sub GapsRatio()

' GapsRatio Macro
" Gaps vs Total Length Ratio: Calculate the ratio of the total length of gaps to the total length of
the microtubules.
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Dim ws As Worksheet

Dim wbNew As Workbook

Dim wsNew As Worksheet

Dim 1 As Long, j As Long, k As Long

Dim lastRowB As Long, lastRowD As Long
Dim thresholds(1 To 3) As Double

Dim gapCount(1 To 3) As Long

Dim totalDataPoints As Long

Set wbNew = Application.Workbooks.Add
Set wsNew = wbNew.Sheets(1)
k=1

For Each ws In ThisWorkbook.Sheets

lastRowB = ws.Cells(ws.Rows.Count, "B").End(xIUp).Row
lastRowD = ws.Cells(ws.Rows.Count, "D").End(x1Up).Row

'Calculate standard deviation and mean for column B

ws.Range("K2").Value = Application.WorksheetFunction.StDev(ws.Range("B1:B" &
lastRowB))

ws.Range("K1").Value = Application.WorksheetFunction.Average(ws.Range("B1:B" &
lastRowB))

'Calculate mean for column D and subtract K1

ws.Range("K4").Value = Application. WorksheetFunction. Average(ws.Range("D1:D" &
lastRowD))

ws.Range("K5").Value = ws.Range("K4").Value - ws.Range("K1").Value

'Set thresholds
Fori=1To3

thresholds(i) = ws.Range("K1").Value + 1 * ws.Range("K2").Value
Next i

'Reset gapCount for each sheet

Fori=1To3
gapCount(i) =0
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Next i

'Compare each data point in column D to the threshold
Fori=1 To lastRowD
Forj=1To3
If ws.Cells(i, "D").Value < thresholds(j) Then
ws.Cells(i, j +4).Value = 1
gapCount(j) = gapCount(j) + 1
Else
ws.Cells(i, j +4).Value =0
End If
Next j
Next 1

'Count the number of "gaps" and total data points
Fori=1To3
ws.Cells(1, 1 + 7).Value = gapCount(i)
ws.Cells(2, 1 + 7).Value = lastRowD
ws.Cells(3, 1 + 7).Value = gapCount(i) / lastRowD
ws.Cells(3, 1 + 7).NumberFormat = "0.00%"
Next 1

'Export K5, H3, 13, J3 to a new workbook
wsNew.Cells(k, "A").Value = ws.Name
wsNew.Cells(k, "B").Value = ws.Range("K5").Value
wsNew.Cells(k, "C").Value = ws.Range("H3").Value
wsNew.Cells(k, "D").Value = ws.Range("I3").Value
wsNew.Cells(k, "E").Value = ws.Range("J3").Value
k=k+1

Next ws
'Save the new workbook

wbNew.SaveAs "C:\% your path %\Mean&GapsRatio New.xIsx"
wbNew.Close SaveChanges:=False

End Sub

Sub GapsFrequencyGapSize()
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Dim ws As Worksheet

Dim wbNew As Workbook

Dim wsNew As Worksheet

Dim i As Long, j As Long, k As Long, | As Long
Dim lastRow As Long

Dim gapCount(1 To 3) As Long

Dim totalDataPoints As Long

Dim gapSizeSum(1 To 3) As Long
Dim gapSizeCount(1 To 3) As Long
Dim gapSizeMean(1 To 3) As Double
Dim gapSizeStdDev(1 To 3) As Double
Dim gapSizeVar(1 To 3) As Double

Set wbNew = Application.Workbooks.Add
Set wsNew = wbNew.Sheets(1)
k=1

For Each ws In ThisWorkbook.Sheets
lastRow = ws.Cells(ws.Rows.Count, "E").End(xIUp).Row

'Reset counters for each sheet

Fori=1To3
gapCount(i) =0
gapSizeSum(i) = 0
gapSizeCount(i) = 0

Next i

'Calculate gap frequency and gap size distribution
Fori=1 To lastRow
Forj=1To3
If ws.Cells(i, j + 4).Value = 1 Then
gapCount(j) = gapCount(j) + 1
=1
Do While ws.Cells(l, j + 4).Value = 1 And | <= lastRow
gapSizeCount(j) = gapSizeCount(j) + 1
1=1+1
Loop
gapSizeSum(j) = gapSizeSum(j) + gapSizeCount(j)
gapSizeCount(j) = 0
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End If
Next j
Next i

'Calculate mean and standard deviation of gap sizes
Fori=1To3
If gapCount(i) <> 0 Then
gapSizeMean(i) = CDbl(gapSizeSum(i)) / CDbl(gapCount(i))
Else
gapSizeMean(i) = 0
End If
Forj =1 To lastRow
If ws.Cells(j, i + 4).Value = 1 Then
gapSizeCount(i) = gapSizeCount(i) + 1

Else
If gapCount(i) <> 0 Then
gapSizeVar(i) = gapSizeVar(i) + (gapSizeCount(i) - gapSizeMean(i)) " 2
End If
gapSizeCount(i) = 0
End If
Next j
If gapCount(i) <> 0 Then
gapSizeStdDev(i) = Sqr(gapSizeVar(i) / gapCount(i))
Else
gapSizeStdDev(i) =0
End If
Next i

'Store results in the sheet and export to a new workbook
Fori=1To3
ws.Cells(5, 1 + 7).Value = gapCount(i) / lastRow
ws.Cells(7, 1+ 7).Value = gapSizeMean(i)
ws.Cells(8, 1 + 7).Value = gapSizeStdDev(i)
wsNew.Cells(k, 1 * 3 - 2).Value = ws.Cells(5, 1 + 7). Value
wsNew.Cells(k, 1 * 3 - 1).Value = ws.Cells(7, 1 + 7).Value
wsNew.Cells(k, 1 * 3).Value = ws.Cells(8, 1 + 7). Value
Next i
k=k+1

Next ws
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'Save the new workbook
wbNew.SaveAs "C:\% your path% \GapsFrequency&GapSize New.xlsx"
wbNew.Close SaveChanges:=False

End Sub
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Chapter 4 Conclusion and Future Directions

The ExM has been rapidly evolving in the fast few years with over 600 experimental papers and
preprints to date. There are many exciting future directions to explore or that have been explored,

but still require further investigation.

For subExM, it would be interesting to explore whether anchoring and gelation can be conducted
at even lower temperatures, enabling the capture of more dynamic processes with ExM. In
addition, since DMAA has self-branching capabilities and allows for a higher expansion factor in
a single shot, as demonstrated in X10 ExM?°, subExM could be used to reveal more intricate
details of cellular structures and interactions. In current subExM, we have only demonstrated
subExM in cultured cells, so another direction would be to apply subExM to tissues, thereby

broadening the applicability of this technique.

Regarding the general future directions of ExM, one such direction is combining ExM with
super-resolution microscopy to achieve even higher resolution. This has been highlighted in

50,59.90.92,134,199-201 " yhysical magnification has been combined with patterned

several recent reports
illumination or single-molecule localization to achieve imaging resolution beyond optical super-
resolution imaging. Another direction is to develop gel recipes that enable the expansion of the
gel beyond 20-fold, either through iterative expansion or, preferably, in a single shot in cells and
tissues. One example has expanded immunostained microtubules in cultured cells to 53x in three
expansion rounds using iExM.” However, the imaging resolution of such >20x ExM protocols
has not been validated and will be limited by spatial errors from two sources: the size of the
labels and the spatial errors from the hydrogel synthesis and expansion process. Since the
original polyacrylamide/polyacrylate-based ExM hydrogels, synthesized via radical
polymerization, are known to have local structural defects and inhomogeneities that can amount

29

to 15-25 nm variations in local polymer spacings and in recent examples, such

polyacrylamide/polyacrylate-based ExM hydrogel led to a median spatial error of ~14 nm for
localizing the viral envelope layer of herpes simplex virus type 1 (HSV-1)*, and a standard
deviation of ~16 nm for localizing fluorescent sites on artificial DNA structures?’?. Therefore, it
would be interesting to explore the way to reduce the spatial error by using more homogeneous
hydrogel systems, such as the recently reported new ExM hydrogel synthesized using monomers
that have a tetrahedral geometry and a non-radical polymerization mechanism. In fact, these new

ExM hydrogels, or so called tetra-gels®, showed reduced spatial errors compared to the original
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polyacrylamide/polyacrylate-based ExM hydrogels: HSV-1 expanded via tetra-gel-based ExM
protocol resulted in ~9 nm median spatial error for localizing the viral envelope layer®, and the
standard deviation of localizing fluorescent site on an artificial DNA structure was reduced to

below 5 nm?%?

. In addition, new forms of ExM to visualize lipids, sugars, and small molecules
are needed to image biomolecules other than proteins and RNAs with ExM. The key of
developing these new forms of ExM is to develope ExM-compatible custom reagents to label
biomolecules other than protein and RNA!'%?!, or via integrating existing biomolecule labeling
reagents into existing ExM workflows'®. For example, umExM has been introduced as a method
203

for labeling and imaging lipids™- , while click-ExM was developed for expansion microscopy of
biomolecules tagged with click chemistry groups.'® Additionally, FLARE (fluorescent labeling
of abundant reactive entities) was created to stain expanded samples using fluorophore-
conjugated N-Hydroxysuccinimide ester, which labels amines in proteins, fluorophore-
conjugated hydrazides for staining oxidized carbohydrates, and DNA stains such as Hoechst or
SYBR Green. Finally, integrating these new ExM forms with multiplexed imaging technologies,
such as DNA barcoding, will enable simultaneous visualization of multiple types of
biomolecules in a single biological specimen. Exploring the combination of multiple ExM
methods to visualize various types of biomolecules with nanoscale resolution in a single
expanded biological specimen could also be a promising direction. A method capable of imaging
proteins, RNAs, DNAs, lipids, and small molecules will provide a multitude of spatial
information of biomolecules and reveal their spatial relationships, which has broad biological
applications. For instance, both LabelX and AcX are used in ExSeq of mouse brain tissues to
read out the RNA content in the spatial context mapped by yellow fluorescent protein-labeled
neurons.'? In a recent example, LabelX and AcX are used in a method called dual-ExM to enable
imaging of immunostained proteins and FISH probe-labeled mRNA in expanded cultured cells
and mouse brain slices.?** As another example, DNA fluorescent in situ hybridization was used
together with immunostaining to visualize both proteins and chromosome sites in expanded
human clinical specimens.*? Finally, an epoxide-based anchor called GMA has been reported to
enable ExM visualization of multiple types of biomolecules with a single biomolecule anchoring
reagents and a unified ExM protocol called uniExM.!> Combination of such multi-model ExM
imaging protocols with high-expansion-factor methods such as iExM offers the possibility of

imaging different kinds of biomolecules with very high imaging resolution.

The directions outlined above are worth further exploration to develop an ideal ExM protocol

that can map all biomolecules, including proteins, RNAs, DNAs, lipids, and small molecules,
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with molecular resolution. Such a comprehensive molecular picture could lay the foundation for
deciphering interactions between different biomolecules in situ, thereby systematically studying

a wide range of biological chemistry problems at the molecular scale.
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